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ABSTRACT
T h i s  p ap e r  p r e s e n t s  t he  r e s u l t s  o f  an e xp e r i me n t  in which n u c l e a r  
e m u l s i o n s  were exposed t o  t h e  800 GeV p r o t o n  beam a t  Fermi N a t i o n a l  
A c c e l e r a t o r  L a b o r a t o r y .  Thi s  i s  t h e  h i g h e s t  e ne r g y  p r o t o n  beam p r e s e n t l y  
a v a i l a b l e  f o r  a f i x e d  t a r g e t  e x p e r i m e n t .  Thi s  r e s e a r c h  p r o v i d e s  a 
s y s t e m a t i c ,  h igh  s t a t i s t i c s  s t ud y  of  p r o t o n - n u c l e u s  i n t e r a c t i o n s  and 
y i e l d s  new i n f o r m a t i o n  on m u l t i p l i c i t i e s ,  t a r g e t  f r a g m e n t a t i o n ,  and 
p a r t i c l e  c o r r e l a t i o n s .  The r e s u l t s  a r e  used t o  e v a l u a t e  t h e o r e t i c a l  
p a r t i c l e  p r o d u c t i o n  mode l s .  E x t r a p o l a t i o n s  t o  n u c l e u s - n u c l e u s  c o l l i s i o n s  
a r e  made on t h e  b a s i s  of  t h e s e  mode l s .  Both s i n g l e  p a r t i c l e  and two 
p a r t i c l e  d i s t r i b u t i o n s  have been a n a l y z e d .  The m u l t i p l i c i t y  d i s t r i b u t i o n  
of  p roduced  p a r t i c l e s  can  be f i t  t o  e i t h e r  a KNO s c a l i n g  f u n c t i o n  o r  a 
N e g a t i v e  Binomial  D i s t r i b u t i o n .  The d i s p e r s i o n ,  r a t i o  of  t h e  d i s p e r s i o n  
t o  a v er ag e  m u l t i p l i c i t y ,  and n o rm a l i z e d  p a r t i c l e  m u l t i p l i c i t y  a l l  f o l l o w  
t h e  t r e n d  of  lower  e ne r gy  d a t a .  S p e c i f i c  c a l c u l a t i o n s  of  t h e  
f o r wa r d / b a c k w ar d  c o r r e l a t i o n s ,  t h e  two p a r t i c l e  c o r r e l a t i o n  f u n c t i o n ,  and 
t h e  p s e u d o r a p i d i t y  gap d i s t r i b u t i o n s  have been compared t o  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  of  d i f f e r e n t  quark  models  and a c o l l e c t i v e  mode l ,  as  w e l l  as 
t o  p r o t o n - p r o t o n  d a t a  and lower  ene r gy  p r o t o n - e m u l s i o n  d a t a .  Two 
d i f f e r e n t  Monte Car lo  c a l c u l a t i o n s  were p e r f o r m e d ,  one assuming t h a t  
p a r t i c l e s  a r e  produced I n d e p e n d e n t l y ,  t h e  o t h e r  assuming a c l u s t e r  
p r o d u c t i o n .  These s u b s t a n t i a t e  t h e  r e s u l t s ,  which s u p p o r t  t h e  i d e a  of  
p a r t i c l e  p r o d u c t i o n  in c l u s t e r s  wi th  an a v e r a g e  c l u s t e r  s i z e  
of  a p p r o x i m a t e l y  3 p a r t i c l e s .  A l a r g e  long r ange  c o r r e l a t i o n ,  much 
g r e a t e r  t h a n  s ee n  in p r o t o n - p r o t o n  d a t a ,  has  been o b s e r v e d .
I .  INTRODUCTION
In t h i s  p a pe r  t h e  r e s u l t s  o f  an ex p e r imen t  pe r fo rmed  a t  t h e  Fermi l ab
Na t i o n a l  A c c e l e r a t o r  L a b o ra t o r y  (FNAL) T e v a t ro n  a r e  r e p o r t e d .  The
e x pe r i m e n t  i n v o l v e d  e xpos i ng  s t a c k s  of  n u c l e a r  e mu l s io n  p l a t e s  t o  an 800
GeV p r o t o n  b e a m J  ^  Thi s  i s  t h e  h i g h e s t  energy  p r o t o n  beam p r e s e n t l y
a v a i l a b l e  f o r  f i x e d  t a r g e t  e x p e r i m e n t s ,  f u l l y  t w i c e  t h e  p r e v i o u s  beams a t
t h e  FNAL and t h e  CERN Super  P r o t o n  Syncho t ron  (SPS) .  The CERN c o l l i d e r s
p r o v i d e  n uc l eo n  beams wi th  an e q u i v a l e n t  l a b o r a t o r y  e ne r gy  much h i g h e r  t h a n
t h e  FNAL T e v a t r o n  but  s t u d i e s  t h e r e  a r e ,  o f  c o u r s e ,  l i m i t e d  t o  p r o t o n -
p r o t o n  and p r o t o n - a n t i  p r o t o n  s c a t t e r i n g s  o n l y .  Cosmic r a y  p r o t o n - n u c l e u s
1Si n t e r a c t i o n s  have been s ee n  a t  e n e r g i e s  up t o  10 eV, but  t h e  s t a t i s t i c s  
a t  t h o s e  h i g h e r  e n e r g i e s  a r e  ve ry  low and s y s t e m a t i c  s t u d i e s  a r e  not
p ? |
p o s s i b l e . 1 1
The p r i m a ry  o b j e c t i v e  of  t h e  p r e s e n t  ex pe r imen t  was t h e  i n v e s t i g a t i o n  
of  p r o t o n - n u c l e u s  i n t e r a c t i o n s  a t  e n e r g i e s  t wi ce  as  high as  t h e  p r e v i o u s l y  
e x i s t i n g  d a t a . ^  The s tudy  of  p a r t i c l e  p r o d u c t i o n  in h a d r o n - n u c l e u s  
i n t e r a c t i o n s  p r o v i d e  d a t a  t h a t  a r e  not  a v a i l a b l e  from an a n a l y s i s  of  
h a d r o n - h a d r o n  c o l l i s i o n s  a l o n e .
The c o n t i n u i n g  i n t e r e s t  i n  s t u d y i n g  h a d r o n - n u c l e u s  c o l l i s i o n s  s tems
from many s o u r c e s .  In c o l l i s i o n s  of  hadrons  w i t h  n u c l e a r  t a r g e t s ,  one can
01
s t ud y  h a d r o n i c  p r o p e r t i e s  a t  t h e  t ime  of  10 seconds  a f t e r  t h e i r  
c r e a t i o n ,  and t h e r e b y  l e a r n  abou t  t he  s t r u c t u r e  and o t h e r  dynamica l  
c h a r a c t e r i s t i c s  of  t h o s e  i n t e r a c t i n g  s y s t e m s .  F u r t h e r m o r e ,  a p r o p e r  
u n d e r s t a n d i n g  o f  h a d r o n - n u c l e u s  c o l l i s i o n s  w i l l  have i m p o r t a n t  I m p l i c a t i o n s  
f o r  p l a n n i n g  and p e r fo r m i n g  new e xp e r i me n t s  wi t h  heavy ion  beams.  In
I
c o l l i s i o n s  o f  heavy n u c l e i ,  new phenomena of  f undamenta l  I m p or t an c e  f o r  
u n d e r s t a n d i n g  s t r o n g  i n t e r a c t i o n s  ( e . g .  t h e  f o r m a t i o n  of  a new s t a t e  o f  
m a t t e r )  a r e  exp ec te d
Our d a t a  on 800 GeV p r o t o n  i n t e r a c t i o n s  i n  e mul s ions  and p r e v i o u s l y  
o b t a i n e d  d a t a  a t  67,  200,  and 400 GeV have been a na l yz ed  f rom t h e  
s t a n d p o i n t  o f  bo th  t h e  s i n g l e  p a r t i c l e  d i s t r i b u t i o n s  and t h e  c o r r e l a t i o n s  
among t he  p a r t i c l e s .  The c o r r e l a t i o n s  among f i n a l  s t a t e  p a r t i c l e s  p r o v i d e  
i n f o r m a t i o n  on such q u e s t i o n s  as wh e t he r  p a r t i c l e s  a r e  p roduced  in c l u s t e r s  
o f  some d e f i n i t e  s i z e  o r  a r e  e m i t t e d  I n d e p e n d e n t l y .  T h e r e f o r e ,  one can 
e x p e c t  t h e  m u l t i p a r t i c l e  c o r r e l a t i o n s  t o  p r o v i d e  a more s e n s i t i v e  t e s t  of  
t h e  d i f f e r e n t  p a r t i c l e  p r o d u c t i o n  models  t h a n  t h e  c h a r a c t e r i s t i c s  o f  t h e  
s i n g l e  p a r t i c l e  s p e c t r a .
The n e x t  c h a p t e r  i s  a r ev i ew  of  some of  t he  many phenomeno l og ica l  
models  o f  h a d r o n - n u c l e u s  c o l l i s i o n s .  A b r i e f  s u r ve y  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  o b t a i n e d  p r i o r  t o  t h i s  e x pe r i m e n t  i s  p r e s e n t e d  in C ha p t e r  3. In 
Ch ap t e r  4 t h e  d e t a i l s  of  t h e  e x p e r i m e n t  and methods o f  a n a l y s i s  a r e  
g i v e n .  Ch ap t e r  5 p r e s e n t s  t he  s i n g l e  p a r t i c l e  d i s t r i b u t i o n s  f o r  t h e  d a t a ,  
w h i l e  t h e  c o r r e l a t i o n  a n a l y s i s  i s  c o n t a i n e d  i n  C ha p t e r  6.  D i s c u s s i o n  of  
t h e  r e s u l t s  i s  i n  Ch ap t e r  7,  and t h e  c o n c l u s i o n s  a r e  p r e s e n t e d  in  C h a p t e r  
8 .
I t .  DESCRIPTION OF HADRON-NUCLEUS COLLISIONS
1. OVERVIEW
The s t u d y  of  h a dr on - nu c l eu s  c o l l i s i o n s  has been o f  c o n s i d e r a b l e
i n t e r e s t  t o  p h y s i c i s t s  f o r  t he  l a s t  50 y e a r s .  S ince  t h e  ad ven t  of  t h e  Van
de G r a f f  g e n e r a t o r  (1931)  and t he  Cockrof f -Wal ton  a c c e l e r a t o r  (1932) t he
e x p e r i m e n t a l  i n v e s t i g a t i o n s  have been pushed t o  h i g h e r  and h i g h e r  e n e r g i e s
I 5 Iwi t h  e v e r  s u r p r i s i n g  r e s u l t s ,  such as  t he  r i s i n g  t o t a l  c r o s s  s e c t i o n s '  1 
and t he  lack o f  i n t r a n u c l e a r  c a s c a d i n g A s  wi t h  any problem of  such 
long s t a n d i n g  i n t e r e s t ,  t h e  number and v a r i e t y  o f  t h e o r i e s  d e a l i n g  w i t h  t h e  
phenomena a r e  i m p r e s s i v e l y  l a r g e ,  s t a r t i n g  wi t h  t he  Landau Hydrodynamical  
t h e o r y  in 1953 up to  t h e  p r e s e n t  Dual P a r t on  Model of  C ap e l l a  and Tran 
Thanh Van.
The f o l l o w i n g  s e c t i o n s  w i l l  d i s c u s s  in  more d e t a i l  some of  t he  
m u l t i p a r t i c l e  p r o d u c t i o n  models .  F i r s t ,  however ,  some g e n e r a l  i d e a s  on 
h ad r o n - n u c l e u s  i n t e r a c t i o n s  and t h e i r  main e x p e r i me n t a l  i m p l i c a t i o n s  a r e  
p r e s e n t e d .
In a pp r oach i ng  p r o t o n - n u c l e u s  c o l l i s i o n s ,  pe rhaps  t he  f i r s t  n a t u r a l  
t h e o r e t i c a l  a t t e m p t  would be t o  s c a l e  up r e s u l t s  from p r o t o n - p r o t o n  
c o l l i s i o n s  by some f a c t o r  depending on t he  mass number A. Thi s  i s  what  t he  
more n a i v e  models  propose  - t h a t  a l l  s e c o n d a r i e s  a r e  produced i n s t a n t l y  and 
each o f  t h e s e  r e s c a t t e r s  i n s i d e  t he  d e n s e - n u c l e a r - m a t t e r  t a r g e t  wi t h  an 
i n t e r a c t i o n  mean f r e e  pa th  t h a t  i s  s h o r t e r  t han  t h e  d i a m e t e r  o f  t he  t a r g e t  
n u c l e u s .  The n e t  r e s u l t  would be a c as cade  of produced p a r t i c l e s  l e ad i n g  
t o  an enormous f i n a l  s t a t e  p a r t i c l e  m u l t i p l i c i t y .  Exper iment s  have ,  
however ,  shown t h a t  t h i s  c a s c ad i ng  does  not  t ake  p l a c e .  I n s t e a d ,  on ly  a 
modera t e  i n c r e a s e  in t he  number of  produced p a r t i c l e s  i s  o b s e r v e d  as
u
compared w i t h  p r o t on  t a r g e t s .  Once t he  f a i l u r e s  o f  t h i s  c ascade  model were 
r e a l i z e d ,  new i de as  began to  app ea r .  The emerging p i c t u r e  i s  t h a t  t he  
p r o d u c t i o n  o f  s e c o n d a r i e s  i s  not  an i n s t a n t a n e o u s  p r o c e s s  bu t  r e q u i r e s  a 
c e r t a i n  c r e a t i o n  t ime  in t he  p a r t i c l e ' s  r e s t  f r ame.  Th i s  i s  t h e  t ime 
r e q u i r e d  f o r  a quark and an a n t i q u a r k  to  " h a d r o n i z e " , i . e . ,  t o  form 
t hems e l ves  i n t o  a hadron .  Because o f  t he  Lorentz  c o n t r a c t i o n  of t h e  t a r g e t  
n u c l e u s ,  t he  f a s t  p a r t i c l e s  a r e  produced o u t s i d e  t h e  nuc l eus  and,  
t h e r e f o r e ,  on ly  t he  i n c i d e n t  hadron and the  s lower  s e c o n d a r i e s  can 
r e s c a t t e r  i n s i d e  t h e  t a r g e t .  In t h i s  manner ,  c a s c ad i ng  i s  s u p p r e s s e d .
This  i dea  i s  t he  b a s i c  p r i n c i p l e  behind  t h e s e  newer models .
I t  i s  a l s o  b e l i e v e d  t h a t  r a t h e r  t han  being produced i n d e p e n d e n t l y ,  
p a r t i c l e s  a r e  produced in c l u s t e r s .  This  means t h e r e  e x i s t s  some p o s i t i v e  
c o r r e l a t i o n  between t h e  p a r t i c l e s  e m i t t e d  in some ( s ma l l )  s p a t i a l  
r e g i o n s .  Recent  t h e o r e t i c a l  models  have focused  on t h i s  a s p e c t  of  t h e  
p r o d u c t i o n  p r o c e s s .  A more comple te  d i s c u s s i o n  of t h e s e  c o r r e l a t i o n s  i s  
p rov i de d  in  t he  beg i nn i ng  of Chapter  6.
The f o l l o wi n g  s e c t i o n s  c o n t a i n  d e s c r i p t i o n s  o f  t he  c a s c ad e  model ,  
t h r e e  t y p e s  of  s u p e r p o s i t i o n  models  making use of  t h e  f o r m a t i o n -z on e  i d e a ,  
and a c o he r e n t  i n t e r a c t i o n  model .  In t he  l a t t e r  t ype  model i t  i s  assumed 
t h a t  t he  n uc leons  in t h e  t a r g e t  a r e  not  i n t e r a c t i n g  i n d e p e n d e n t l y ,  but  
i n s t e a d  i n t e r a c t  in a c o l l e c t i v e  way.
F i g u r e s  1 (a)  - (d) show schemat i c  drawings  o f  p r o t o n - n u c l e u s  
c o l l i s i o n s  as  viewed by t he  cascade  model ,  t h e  nuc l eon  s u p e r p o s i t i o n  model ,  
t h e  quark model ,  and t he  c o l l e c t i v e  model ,  r e s p e c t i v e l y .
I t  i s  s t a n d a r d  in t he  l i t e r a t u r e  to  d e s c r i b e  t he  ou t go i ng  p a r t i c l e s  
from h a d r o n - n u c l e u s  i n t e r a c t i o n s  in  terms of t h e i r  r a p i d i t y ,  y ,  o r
p s e u d o r a p i d i t y ,  n*  Complete d e t a i l s  on t he  f o l l owi ng  arguments  a r e  
p r e s e n t e d  in  Appendix 1. Rap i d i t y  i s  t he  boos t  p a r ame t e r  from t he  
l a b o r a t o r y  r e f e r e n c e  sys tem t o  t he  r e f e r e n c e  sys tem where t h e  p a r t i c l e  has 
on l y  t r a n s v e r s e  momentum. I f  t h i s  system moves wi th  v e l o c i t y  b wi th  
r e s p e c t  t o  t he  l a b o r a t o r y ,  t he  r a p i d i t y  i s  d e f in e d  as
y = t a n h _1e = t a n h " 1 ( p ^ / E ) . (1)
In t e rms  of  t h e  r a p i d i t y ,  one may e x p re s s  a p a r t i c l e ' s  momentum and energy
2 2 2
as p^ = m̂  s i n h ( y )  and E = m^coshfy) ,  where m̂  = m + .
In t h e  c e n t e r  o f  mass sys tem (c . m. )  t he  r a p i d i t y  space  i s  c u s t o m a r i l y
d i v i d e d  i n t o  3 r e g i o n s ,  t he  width of  each being dependent  on t h e  p r i mar y  
e ne r gy .  The c e n t r a l  a r e a  is  r e f e r r e d  t o  as  t he  p i o n i z a t i o n  r e g i o n .  The 
t a r g e t  f r a g m e n t a t i o n  r e g i o n  i s  t h e  a r e a  of  l a r g e ,  n e g a t i v e  y ,  w h i l e  the  
a r e a  o f  l a r g e ,  p o s i t v e  y i s  known as t he  p r o j e c t i l e  f r a g m e n t a t i o n  r e g i o n .  
In emul s i on  expe r imen t s  t he  r a p i d i t y  i s  approximated  by t h e  t he
p s e u d o r a p i d i t y  which i s  c a l c u l a t e d  from t he  ang l e  of  e mi s s i o n  in t h e
7 7l a b o r a t o r y  frame th r ough  n = - l n | t a n ( o / 2 ) I . I f  \ r  »  m then  y s n,  so 
t h e  p s e u d o r a p i d i t y  i s  a good app r ox ima t ion  t o  t h e  r a p i d i t y  f o r  p io n s  and 
l i g h t e r  p a r t i c l e s .  Since  p s e u d o r a p i d i t y  v a r i a b l e  i s  a d d i t i v e  in  p a s s i n g  
from one r e f e r e n c e  frame t o  a n o t h e r ,  t he  shape o f  t he  d i s t r i b u t i o n  i s  
i n v a r i a n t  under  Lorentz  t r a n s f o r m a t i o n s .
Figure  1. (a) Cascade Model o f  p a r t i c l e  product ion in  which secondary  
p a r t i c l e s  from the  1th I n t e r a c t i o n  c r e a t e  the  ( 1 + l ) t h  
genera t ion  fu r t h e r  downstream.
Figure  1. (b) A s u p e r p o s i t io n  of  In d iv id u a l  n u c leo n -n u c leo n
c o l l i s i o n s  produces th e  f i n a l  s t a t e .  Secondary p a r t i c l e s  
do not I n te r a c t  with  downstream nu c leon s ;  o n ly  th e  
p r o j e c t i l e  undergoes Independent s u c c e s s i v e  c o l l i s i o n s .
/
Figure  1 (c )  Independent quark-quark I n t e r a c t i o n s .  Fast  f i n a l  
s t a t e  p a r t i c l e s  are c re a te d  o u t s i d e  the t a r g e t  n u c le u s  
(due t o  time d i l a t i o n ) .
z
F igure  1.  (d) C o l l e c t i v e  Model: ta r g e t  nucleons  w i th in  a "tube" 
cut  out of the nu c leus  I n t e r a c t  c o l l e c t i v e l y  to  
produce the f i n a l  m u l t1 p a r t1 c le  s t a t e .
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2. CASCADE MODEL
Thi s  s e c t i o n  d e s c r i b e s  a g e n e r a l  f o r m u l a t i o n  of  p r o t o n - n u c l e u s
I 7 1i n t e r a c t i o n s  i n  t e rms  of  what  a r e  known as c a s c a d e  m o d e l s . 1 1 T h i s  i s  
p r o b a b l y  t h e  s i m p l e s t  e x t r a p o l a t i o n  t h a t  can be made f rom p r o t o n - n u c l e o n  
co l  1 i s  i o n s .
Cascade  models  assume t h a t  t h e  m u l t i p a r t i c l e  f i n a l  s t a t e s  a r e  p r oduced
-23in  a t i me  i n t e r v a l  no t  l o ng e r  t h a n  t he  c o l l i s i o n  t ime  i = 10 s .  S ince  
t h e  p r o d u c t i o n  o f  p a r t i c l e s  i s  t a k i n g  p l a ce  i n s i d e  t he  dense  t a r g e t  
n u c l e u s ,  an i n t r a n u c l e a r  c a s c ad e  w i l l  d eve l op  i f  t h e  mean f r e e  p a t h  o f  t he  
p r oduced  p a r t i c l e s  i n  n u c l e a r  m a t t e r  i s  s h o r t e r  t h a n  t h e  n u c l e a r  
d i a m e t e r .  Th i s  i s  i l l u s t r a t e d  i n  F ig u r e  1 ( a ) .  At each c o l l i s i o n  a 
g e n e r a t i o n  o f  p a r t i c l e s  w i l l  be produced  which w i l l  t h e m s e l v e s  c o l l i d e  w i t h  
downst ream n u c l e o n s  p roduc i ng  a n ex t  g e n e r a t i o n ,  e t c .  Al l  t h e  e s c a p i n g  
p a r t i c l e s  from a l l  t h e  g e n e r a t i o n s  w i l l  c o n s t i t u t e  t h e  f i n a l ,  o b s e r v e d  
m u l t i p a r t i c l e  s t a t e .  On t he  a v e r a g e ,  a l l  t h e  p roduced  p a r t i c l e s  w i l l  s h a r e  
e q u a l l y  t he  i n c i d e n t  e ne r gy  and have t h e  same c r o s s  s e c t i o n  f o r  c o l l i s i o n s  
w i t h  t a r g e t  n u c l e o n s .  Th i s  model l e a d s  to a h i g h  m u l t i p l i c i t y  of  p roduced  
p a r t i c l e s .  Cons i de re d  as  a f u n c t i o n  o f  t he  a tomi c  mass number A o f  t he  
t a r g e t ,  t h e  number o f  produced p a r t i c l e s  r i s e s  s l i g h t l y  f a s t e r  t h a n  A, 
i . e .  n e A*+ c , where t  i s  a smal l  p o s i t i v e  number.
E x p e r i m e n t a l l y ,  t h e  l i n e a r  dependence  on A i s  not  o b s e r v e d .  A d r a m a t i c  
d e m o n s t r a t i o n  t h a t  c a s c a d i n g  does  not  t a k e  p l a c e  i n s i d e  t h e  n u c l e u s  can be 
s e e n  i n  F i g u r e  2.  Shown i s  R vs  A, where R i s  t h e  r a t i o  o f  t he  a v e r a g e  
m u l t i p l i c i t y  i n  p r o t o n - n u c l e u s  c o l l i s i o n s  t o  t h e  p r o t o n - p r o t o n  
m u l t i p l i c i t y .  The s o l i d  l i n e  shows t he  c a s c a d e  model p r e d i c t i o n s .  Also 
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Figure  2 .  Normalized m u l t i p l i c i t y  R vs atomic mass number A 1n the  
cascade  model.  The data i s  from p ro to n -em u ls io n  
i n t e r a c t i o n s  a t  a c c e l e r a t o r s  (a)  and in cosmic  rays  { ° ) .
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3. SUPERPOSITION MODELS
3 . 1 . I n c o h e r e n t  S u p e r p o s i t i o n  o f  Nuc leon-Nuc leon C o l l i s i o n s .
As I n d i c a t e d  In F i g u r e  1 (b)  an I n e l a s t i c  c o l l i s i o n  be tween a 
p r o j e c t i l e  n u c l e o n  and a t a r g e t  n u c l e u s  can  be d e s c r i b e d  as  an i n c o h e r e n t  
s u p e r p o s i t i o n  o f  c o l l i s i o n s  o f  t h e  I n c i d e n t  nu c l eo n  wi t h  s u c c e s s i v e  
n u c l e o n s  i n  t h e  t a r g e t . The number of  such e l e m e n t a r y  c o l l i s i o n s ,  
v,  i s  a f undamenta l  p a r a m e t e r  in t h i s  t ype  o f  model .  The a v e r a g e  number o f  
c o l l i s i o n s  t h a t  a h a d r o n ,  h,  w i l l  make i n s i d e  a t a r g e t  w i t h  A n u c l e o n s  i s  
e x p r e s s e d  by t h e  f o r mu l a :
a °hN 
yhA = A 
hA hA
where  0hN^0hA^ i s  t h e  ^n e ^a s t i c  h a d r o n - n u c l e o n  ( h a d r o n - n u c l e u s )  c r o s s  
s e c t i o n .  Then t h e  a v e r a ge  number of  p r oduced  p a r t i c l e s  in an hA c o l l i s i o n ,  
n hA. i s  g i v e n  by
'hA 2 nhN + 2 yhA ‘ n hN*
where  n hN i s  t h e  a v e r a g e  m u l t i p l i c i t y  in h a d r o n - n u c l e o n  c o l l i s i o n s  a t  t he  
same p r i m a r y  e n e r g y .  In t e r ms  o f  t he  so c a l l e d  " n or ma l i zed  m u l t i p l i c i t y " ,
RhA = n h A ^ n hN * i t :  1 s  s e e n  t h a t
Thi s  p r e d i c t i o n  f o r  Rh^ as  we l l  as  t h e  p r e d i c t e d  r a p i d i t y  d i s t r i b u t i o n  a r e
b o t h  i n  r e a s o n a b l e  agreement  w i t h  t h e  e x p e r i m e n t a l  d a t a .  The n o r m a l i z ed
m u l t i p l i c i t y  i s  i nde pen de n t  of  ene r gy  in t h e s e  mode l s ,  as  i s  t h e  r a t i o  o f
~ 2  — 2  ct h e  d i s p e r s i o n  o f  t h e  m u l t i p l i c i t y  d i s t r i b u t i o n  D = (n - n t o  t h e
] I
a v e r a g e  m u l t i p l i c i t y .
Two t y p e s  o f  s u p e r p o s i t i o n  models  a r e  d e s c r i b e d  below:  one of  t h e s e  i s  
b ased  on a q u a r k - d i q u a r k  i n t e r a c t i o n  w i t h  no a l l o wan c e  f o r  c a s c a d i n g  I n s i d e  
t h e  t a r g e t ;  and t h e  o t h e r  one based  on q u a r k - q u a r k  i n t e r a c t i o n s  w i t h  o r  
w i t h o u t  c a s c a d i n g .
DUAL PARTON MULTICHAIN MODEL
A. C a p e l l a ,  e t  a l . have proposed  a model o f  h a d r o n - n u c l e u s
c o l l i s i o n s  t h a t  has  a c o l o r  exchange phenomenon as i t s  fundamen t a l  
f e a t u r e .  The t h r e e  q ua rks  composing each  nuc l eon  s p l i t  i n t o  q u a r k - d i q u a r k  
s y s t e m s .  In a s i n g l e  I n e l a s t i c  n u c l e o n - n u c l e o n  c o l l i s i o n  two c h a i n s  o f  
ha d r o n s  a r e  formed:  be tween t h e  p r o j e c t i l e  quark and t h e  t a r g e t  d i q u a r k
and be tween t h e  p r o j e c t i l e  d i q u a r k  and t h e  t a r g e t  q ua r k .  In p r o t o n - n u c l e u s
c o l l i s i o n s ,  assume t h a t  t h e  p r o t o n  makes v i n e l a s t i c  c o l l i s i o n s  w i t h  t a r g e t
n u c l e o n s .  The v s t r u c k  n uc l eo ns  a r e  c a l l e d  wounded,  t h e  r e m a i n i n g  (A - v) 
n u c l e o n s  a r e  c a l l e d  s p e c t a t o r s .  Then 2m c h a i n s  o f  hadrons  a r e  p r oduced  v i a  
t h e  q u a r k - d i q u a r k  i n t e r a c t i o n s  o f  t he  c o l l i d i n g  s y s t e m s .  These
i n t e r a c t i o n s  a r e  n a t u r a l l y  med i a t ed  by g l u o n s .
I 1 ? IThe c a l c u l a t i o n  o f  i n c l u s i v e  s p e c t r a 1 1 i n  t h e  framework o f  t h i s  
model  depends  on l y  upon ( i )  t h e  momentum d i s t r i b u t i o n  of q u a r ks  i n  a p r o t o n  
and ( i i )  t h e  quark  f r a g m e n t a t i o n  f u n c t i o n s .
I f  one examines  t h e  n or ma l i z e d  m u l t i p l i c i t y  R(y)  = npA( y ) / n p p (y)  as  a 
f u n c t i o n  o f  A“ ^ ^ ,  where y i s  t h e  p a r t i c l e  r a p i d i t y ,  t h e n  when [y|  < 3,
o ( y )  > 0 and a p p r o a c h e s  1 / 3 ,  w h i l e  f o r  | y |  > 3,  a ( y )  < 0 .  Th i s  means t h a t
R(y) d e c r e a s e s  w i t h  i n c r e a s i n g  A i n  t h i s  most  f o r wa r d  r a p i d i t y  r e g i o n .
Thi s  model a l s o  r e p r o d u c e s  t he  c o r r e c t  e x p r e s s i o n  f o r  i n t e g r a t e d  R, namely
R - — + — 2 2 '
ADDITIVE QUARK MODELS
In t he  s o - c a l l e d  A d d i t i v e  Quark Models  (AQM) t h e  quark c o n s t i t u e n t s  of  
a hadron  a r e  assumed t o  i n t e r a c t  i n d e p e n d e n t l y  w i t h  t h e  t a r g e t  n u c l e o n s .  
Th i s  i s  i l l u s t r a t e d  in F i g u r e  1 ( c ) .  The qua r ks  produce  on a v e r a g e  t h e  
same number o f  p a r t i c l e s  i ndependen t  o f  t h e  t a r g e t ,  so t h a t  t h e  number o f  
p roduced  p a r t i c l e s  depends  on l y  on t he  number of  i n t e r a c t i n g  q u a r k s .
In t h e i r  v e r s i o n  o f  t he  AQM, B i a l a s  and C z y z ^ ^  assume t h a t  t he  
number of  produced  p a r t i c l e s  i s  p r o p o r t i o n a l  t o  t h e  number o f  i n t e r a c t i n g  
(wounded) c o n s t i t u e n t s .  C on s e q ue n t l y ,  t h e y  o b t a i n  f o r  t he  r a t i o  of  
mu 1 t i p i i c i t i e s .
n . ( y ) w .
rha<>) = <6>
> ( > )  wqN
where  w ^  ( “ q^)  1s a v er ag e  number of  t h e  wounded q ua r ks  i n  t he  
i n c i d e n t  had r on  d u r i n g  I n t e r a c t i o n  w i t h  n u c l e u s  A ( n u c l e on  N).  An a l o g o u s l y  
t o  o u r  d e f i n i t i o n  o f  m ( s e e  page 10):
-  = Nq V  , -  B Nq °qN ( 6 )
WqA ohA • qN ohN *
where  Nq i s  t h e  number o f  c o n s t i t u e n t  qu a rk s  in  hadron h,  ( aqn)  i s  t h e  
i n e l a s t i c  c r o s s  s e c t i o n  of  t h e  quark w i t h  t h e  n u c l e u s  A ( n u c l e o n  N) ,  and
1 ' J
°hA ^°hN^ ^n e ^a s t i c c r o s s  s e c t i o n  of  t h e  i n c i d e n t  ha d r o n  w i t h
n u c l e u s  A {nucleon  N).  One a r r i v e s  a t
RhA(y)  * <°qA / o qN> ' ( “hN^hA*-  (7)
which depends  upon t h e  q u a r k - n u c l e u s  c r o s s  s e c t i o n  and t he  qua rk  
d i s t r i b u t i o n  f u n c t i o n  in the  n u c l e u s ,
Davidenko and Niko laev  have proposed  a t wo-phase  q ua rk  model .
The q u a r k s  o f  t h e  i n c i d e n t  hadron in c o l l i s i o n  w i t h  a t a r g e t  n uc l eo n  l o s e  
t h e i r  c o h e r e n c e ,  t h e r e b y  forming a q u a s i - f r e e ,  weakly  bound s y s t em.  In 
t h e  second p h a s e ,  a m u l t i p e r i p h e r a l  l a dd er  o f  s l o wer  and s l o w e r  qua r ks  i s  
fo r med .  I t  i s  t h e s e  s low quarks  formed in a very  b r i e f  t i m e ,  i as  
compared t o  t h e i r  l i f e t i m e ,  t h a t  decay  i n t o  hadrons  i n s i d e  t h e  t a r g e t  
n u c l e u s .  Th i s  c a s c a d i n g  of  s low s e c o n d a r i e s  i s  n e g l e c t e d  by B i a l a s  and 
Czyz.  C o n s e q u e n t l y ,  t h e y  p r e d i c t  a lower v a l u e  o f  t he  a v e r a ge  
m u l t i p l i c i t y  t h a n  t h e  two-phase  quark model o f  Davidenko & N ik o l a e v .
In F i g u r e  3 t he  c a l c u l a t e d  p a r t i c l e  d e n s i t i e s  f o r  t h e s e  v a r i o u s  
models  a r e  shown.  These c u rv e s  a r e  c a l c u l a t e d  a t  200 GeV. For  
c o m p a r i s o n ,  t h e  p r o t o n - p r o t o n  d a t a  a t  t h e  e q u i v a l e n t  c .m.  e n e r g y  i s  
i n c l u d e d .
The A d d i t i v e  Quark Models p r e d i c t  t h a t  R(y) i s  d i f f e r e n t  f o r  p r o t o n s  
and p i o n s  a t  h igh  e n e r g i e s ,  u n l e s s  t he  h a d r o n - n u c l e o n  c r o s s  s e c t i o n s  f o r  
d i f f e r e n t  p r o j e c t i l e s  become e q u a l .  F i g u r e s  4 and 5 show t h e  p r e d i c t e d  
de pen de nc es  o f  R(y) on t h e  a tomic  mass number A f o r  t h e  two v e r s i o n s  o f  
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Figure 3.  Center o f  mass p seu d o ra p id i ty  d i s t r i b u t i o n s :
curve  (1)  pp data a t  /% * 2 3 .6  GeV; curve (2)  A d d i t iv e  
Quark Model o f  B la la s  and Czyz; curve  (3) Dual Parton  
Model of C ape l la  and Tran Thanh Van; curve (4)  A d d i t iv e  
Quark Model o f  Davidenko and N ik o la e v . (C u rv e s  2 ,  3 .  4 
are at 200 GeV which Js approxim ate ly  / s  » 2 0 ) .





Figure 4.  Dependence of o(y) on rapid i ty  y 1n Additive Quark 
Model of Blalas and Czyz. The widths of the l in es  
Indicate the errors 1n the c a lcu la t io n .
I f )







Figure 5.  Normall2ed m u l t i p l i c i t y  R vs A  ̂ 1n A d d i t iv e  Quark Model 
of  Davidenko and Nikolaev. Each curve Is  fo r  a f i x e d  
value  of  n. Increasing as you move down th e  f i g u r e .
4. COLLECTIVE MODELS:
Anothe r  c o m p l e t e l y  s e p a r a t e  c l a s s  o f  models  a r e  t h e  s o - c a l l e d  
c o h e r e n t  p r o d u c t i o n  mode l s ,  in which t h e  t a r g e t  n u c l e o n s  I n t e r a c t  
c o l l e c t i v e l y  w i t h  t h e  I n c i d e n t  p r o t o n ,  I n s t e a d  o f  a s u c c e s s i o n  of  
I n d i v i d u a l  p r o t o n - n u c l e o n  or  q u a r k - q u a r k  c o l l i s i o n s .  The Landau 
hydrodynamica l  t h e o r y  i s  p r o b a b l y  t h e  o l d e s t  c o l l e c t i v e  p r o d u c t i o n  
mode l .  One of  t h e  more r e c e n t  o n e s ,  t h e  Coher en t  Tube Model o f
B e r l a d ,  Dar and E l l a m J * ® * ^  w i l l  be d i s c u s s e d  h e r e .
In t h i s  model t h e  f o l l o w i n g  two a s s u mp t i o n s  a r e  made: ( a )  o n l y  t h o s e  
1 n u c l eo n s  l y i n g  i n  a c y l i n d e r  o f  c r o s s  s e c t i o n  a a long  t h e  p r o j e c t i l e  
p a t h  w i l l  i n t e r a c t ,  and t hey  s h a l l  do so s i m u l t a n e o u s l y  ( c o l l e c t i v e l y ) ;
(b)  in a p r o t o n - n u c l e u s  c o l l i s i o n  where i n uc l eo ns  p a r t i c i p a t e ,  t h e  
c o l l i s i o n  1n t h e  c .m.  f rame r e s emb le s  a p r o t o n - p r o t o n  c o l l i s i o n  a t  c .m.  
e n e r g y  / s ^  , where s^ = i t i me s  t h e  c .m.  ene r gy  s q ua r ed  of  a p r o t o n -  
n u c l e o n  c o l l i s i o n .  Thi s  p r o c e s s  i s  i l l u s t r a t e d  1n F i g u r e  1 ( d ) .  
A c c o r d i n g l y ,  t h e  p r o b a b i l i t y  o f  p ro du c in g  n c ha r g ed  p a r t i c l e s  a t  e n e r g y  E 
on t a r g e t  n u c l e u s  A i s  t h e  same as t h e  p r o b a b i l i t y  t o  p roduce  n c h a r g ed  
p a r t i c l e s  on one n u c l eo n  a t  e ne r gy  IE,  i . e . ,  Pn ( 1 , E)  = Pn ( l , 1 E ) .
F i g u r e  6 shows t h e  model p r e d i c t i o n  f o r  R vs .  A, which a g r e e s  
r e a s o n a b l y  we l l  wi t h  t h e  d a t a .  As i n  t h e  s u p e r p o s i t i o n  mo d e l s ,  t h i s  model 
p r e d i c t s  b o th  D/ns and t o  be i nde pen d e n t  of  e n e r g y .
In exami n ing  t h e  dependences  of  t h e  m u l t i p l i c i t y  on t h e  number of  
knock-on  p r o t o n s  from t h e  t a r g e t  ( t h e s e  measure  t h e  d e gr ee  o f  t a r g e t  
e x c i t a t i o n )  i t  w i l l  be s een  t h a t  t h i s  t ype  o f  model p r e d i c t s  a d i f f e r e n t  
b e h a v i o r  f rom t h e  s u p e r p o s i t i o n  models and i s  l e s s  i n  ag reement  w i t h  t h e  
d a t a .
1 H
One f u r t h e r  drawback of t h i s  model i s  t h a t  t h e  i n t e r a c t i n g  " tube"  
does  no t  have t h e  same quantum numbers a s  a n u c l e o n .  The p r e mi se  of  t h e  
model be i ng  t h a t  a h a d r o n - n u c l e u s  i n t e r a c t i o n  can  be r educed  t o  a h ad ro n -  
had r on  I n t e r a c t i o n  a t  a d i f f e r e n t  e n e r g y ,  i t  i s  no t  c l e a r  how t h e  t u b e  can 
be c o m p a t i b l e  wi t h  a hadron  having  d i f f e r e n t  quantum numbers .  Thus ,  t he  
r e s c a l i n g  which o c cu r s  i s  d i f f i c u l t  t o  i n t e r p r e t .  An a t t e m p t  has been 
made t o  r e c o n c i l e  t h i s  model w i t h  a quark model Thi s  e x t e n s i o n
assumes  t h a t  each  o f  t h e  p r o j e c t i l e  qua rks  i n t e r a c t s  w i t h  t h e  t ube  o f  
n u c l e a r  m a t t e r  t h a t  i t  e n c o u n t e r s .  This  quark  C oh er en t  Tube Model mee t s  
w i t h  b e t t e r  s u c c e s s  in d e s c r i b i n g  t h e  d a t a .
1<>









Fi g u r e  6 .  Normalized m u l t l p l I c l t y  R vs atomic  mass number A In the  
Coherent Tube Hodel.  The data 1s from p ro to n -em u ls lo n  
I n t e r a c t i o n s  a t  a c c e l e r a t o r s  (a)  and cosmic  ray data ( ° ) .
I I I .  LOU ENERGY HADRON-NUCLEUS COLLISIONS
In t h i s  c h a p t e r  a d i s c u s s i o n  o f  t h e  d a t a  o b t a i n e d  f rom e x p e r i m e n t s  
p e r fo rm ed  a t  e n e r g i e s  be low 800 GeV i s  p r e s e n t e d .
F ixed  t a r g e t  e x p e r i m e n t s  wi th  p r o t o n  and p l on  beams h av i ng  l a b o r a t o r y
11 ft Ie n e r g i e s  r a n g i n g  from 24 GeV up t o  400 GeV1 ' have been c a r r i e d  o u t  a t  
FNAL (USA), CERN ( S w i t z e r l a n d ) ,  o r  Serpukhov (USSR). The t a r g e t s  were  
e i t h e r  e m u l s i o n s ,  l i q u i d  g a s e s  ( such  as  He, Ne, Ar ,  o r  Xe) o r  m e t a l s  (C, 
Ar ,  Cu, Ag, o r  P b ) . Many e x c e l l e n t  r ev i ews  of  t h i s  v a s t  body o f  work 
a l r e a d y  e x i s t ,  so  t h i s  c h a p t e r  i s  i n t e nde d  on l y  as a b r i e f  summary. The 
r e a d e r  i s  r e f e r r e d  t o  t h e  l i t e r a t u r e  c i t e d  above f o r  more d e t a i l s .
Here some o f  t h e  most  i m p o r t an t  f e a t u r e s  o f  t h e  e x i s t i n g  d a t a  a r e  
n o t e d .  F i g u r e  7 shows how t h e  n o r ma l i ze d  m u l t i p l i c i t y  o b t a i n e d  in p r o t o n -  
e m u l s i o n  i n t e r a c t i o n s ,  R -  npft /npp* depends  on e n e r g y .  The a v e r a g e  
number of  produced p a r t i c l e s  in a p r o t o n - n u c l e u s  ( p r o t o n - p r o t o n )  
i n t e r a c t i o n  i s  g iv e n  by (^pp)* ^he Pa r t i c l e  m u l t i p l i c a t i o n ,  R, r i s e s  
w i t h  i n c r e a s i n g  ener gy  t o  a p p r o x i ma t e l y  2 a t  800 GeV. Th i s  r i s e  i n  R i s  
no t  e x p e c t e d  on t h e  b a s i s  of t h e  s u p e r p o s i t i o n  mo d e l s ,  s i n c e  i n  t h e s e  
mode l s  one i s  j u s t  add ing  up ha d r on - ha dr on  d a t a  in o b t a i n i n g  np^.  In 
t a k i n g  t he  r a t i o  R t h e  ene r gy  dependence  s ho u ld  f a c t o r  o u t .  A u n i q u e
p r o p e r t y  o f  t h e  m u l t i p l i c i t y  d i s t r i b u t i o n s  1n p-A c o l l i s i o n  i s  t h a t  t h e
—2 —̂  Lr a t i o  of  t h e  d i s p e r s i o n  (D = ( n - n$ ]^) t o  t h e  a ve r age
m u l t i p l i c i t y ,  n^ ,  i s  a u n i v e r s a l  q u a n t i t y  which depends  n e i t h e r  on ene r gy  
n o r  on t a r g e t  mass .  Th i s  i s  i l l u s t r a t e d  f o r  d i f f e r e n t  t a r g e t s  in  F i g u r e  8 
f o r  e n e r g i e s  be tween 20 and 1000 GeV. On t h e  o t h e r  hand,  t h e  d i s p e r s i o n  
i t s e l f  i n c r e a s e s  w i t h  e n e r g y .
O b v i o u s l y ,  t h e  a v e r ag e  number of  c o l l i s i o n s  t h a t  t h e  p r o j e c t i l e  makes
i n s i d e  t he  t a r g e t  i s  a c r i t i c a l  p a r a me te r  in t h e  s u p e r p o s i t i o n  mode l s .  
Hence ,  1 t  i s  v e ry  u s e f u l  t o  be a b l e  t o  a n a l y z e  t h e  d a t a  i n  g r o u p s  w i t h  a 
f i x e d  number o f  a v e r ag e  c o l l i s i o n s .  There  a r e  two methods  o f  d o i ng  
t h i s .  The f i r s t  method f o r  s e l e c t i n g  e v e n t s  w i t h  d i f f e r e n t  y 1s t o  use  
t a r g e t s  w i t h  d i f f e r e n t  ( f i x e d )  A. For  a f i x e d  t a r g e t  d i a m e t e r ,  t h e
p r o j e c t i l e  s h o u l d  on a v er ag e  make t he  same number of  c o l l i s i o n s  w i t h
  °hN
t a r g e t  n u c l e o n s ,  v = A —  .
°hA i i q I
As was shown by Babecki  and Nowak1 and o t h e r s ,  t h e  number of  
i n t r a n u c l e a r  c o l l i s i o n s ,  u,  i s  r e l a t e d  t o  t h e  number of  s low r e c o i l  
t r a c k s  e m i t t e d  i n  an e mul s ion  i n t e r a c t i o n .  That  i s ,  when t h e  p r i mar y  
c o l l i d e s  w i t h  a n u c l eo n  i n s i d e  t h e  n u c l e u s ,  t h a t  s t r u c k  n u c l e o n  i s  u s u a l l y  
knocked o u t  of  t h e  t a r g e t .  These knocked o u t  n u c l eo n s  have a u n i que  
s i g n a t u r e ,  based  upon t h e i r  i o n i z a t i o n  and r a n g e ,  by which t h e y  can  be 
i d e n t i f i e d  i n  e mu l s ion  e x p e r i m e n t s .  Th i s  p r o v i d e s  a means o f  s e l e c t i n g  
e v e n t s  w i t h  d i f f e r e n t  v a l u e s  o f  v - mere ly  choose  t h o s e  w i t h  a c e r t a i n  
number o f  t h e s e  slow p r o t o n  t r a c k s .
F i g u r e  9 d e m o n s t r a t e s  t h e  r e l a t i o n s h i p  between R and v f o r  both  
p r o t o n  and p i o n  p r i m a r i e s  wi t h  e n e r g i e s  50 - 200 GeV from e x p e r i m e n t s  w i t h  
d i f f e r e n t  t a r g e t s .  The c u rv e  R = ^  ^  u f i t s  t h e  d a t a ,  in agreement
w i t h  b o t h  t h e  wounded nuc l eon  model and t h e  Dual P a r t o n  Model .  The 
dependence  o f  t h e  a v e r a ge  number o f  shower t r a c k s  ns on v a t  200 GeV i s  
g i v e n  in F i g u r e  10. The agreement  w i t h  t h e  s u p e r p o s i t i o n  models  i s  a l s o  
o b s e r v e d .  The l i n e a r  dependence  o f  R on v d e m o n s t r a t e s  t h e  l ack of  
c a s c a d i n g  i n s i d e  t h e  t a r g e t .
F i g u r e s  11,  12,  and 13 i n d i c a t e  t h e  a n g u l a r  d i s t r i b u t i o n s  o f  t he  
produced  p a r t i c l e s  f o r  a wide v a r i e t y  of  c a s e s .  F i g u r e  11 g i v e s  t h e
K  1.6 -
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Figure 8 .  Ratio of d isp ers ion  to average m u l t i p l i c i t y  D/n vs 
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Figure  9 .  Normalized m u l t i p l i c i t y  R vs vi - the  average number of
c o l l i s i o n s  o f  t h e _ p r o j e c t l l e  In s id e  the t a r g e t .  The l i n e  
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Figure 10. Average m u l t i p l i c i t y  n.  vs average number o f  c o l l i s i o n s  o f  
the p r o j e c t i l e  ins id e  the ta rg e t  v for  proton-ermlslon data .  
The Hne Is (1 /?  + 1/2 ^)n .pn
d i s t r i b u t i o n  o v e r  t h e  e n t i r e  p s e u d o r a p i d i t y  r ange  f o r  e mu l s ion  t a r g e t s  a t  
t h r e e  d i f f e r e n t  e n e r g i e s  and i n  t h e  l a b o r a t o r y  f r ame .  The f o l l o w i n g  
f e a t u r e s  sh o u l d  be n o t e d :
( i )  t h e  c e n t r a l  p l a t e a u  h e i g h t  i n c r e a s e s  w i t h  p r i m ar y  e n e r g y ;
( i i ) t h e  p l a t e a u  w i d t h  i n c r e a s e s  w i t h  p r i mary  e n e r g y ;
( i i i )  t h e  p r o j e c t i l e  f r a g m e n t a t i o n  r e g i o n  s h i f t s  t owa rd s  l a r g e r  n;
( i v )  t h e  t a r g e t  f r a g m e n t a t i o n  r e g i o n  s c a l e s  w i t h  e n e r g y .
Looking a t  t h e  n d i s t r i b u t i o n  in F i g u r e  11, no c e n t r a l  d i p  i s  s ee n  up 
t o  400 GeV. At h igh  enough e n e r g i e s ,  one might  e x p e c t  t o  s e e  a s e p a r a t i o n  
be tween  t he  t a r g e t  and p r o j e c t i l e  r e g i o n s t h e  d a t a  shows,  
however ,  e i t h e r  "h igh  enough e n e r g i e s "  have not  been r e ach ed  y e t  o r  t he  
growth of  t h e  c e n t r a l  r e g i o n  w id t h  i s  masking t h e  s e p a r a t i o n .  Both 
Inde pe nd en t  p a r t i c l e  e m i s s i o n  and c l u s t e r  p r o d u c t i o n  models  a r e  a b l e  t o  
d e s c r i b e  t h e  o v e r a l l  p s e u d o r a p i d i t y  d i s t r i b u t i o n .
F i g u r e  12 shows t h e  e f f e c t  of  c hang i ng  t h e  t a r g e t  f o r  a f i x e d  e ne r g y  
(200 GeV). No t i c e  t h e  d r a m a t i c  i n c r e a s e  i n  p r o d u c t i o n  i n  t h e  backward 
hemi s phe r e  ( s m a l l  r )  f o r  h e a v i e r  t a r g e t s .  Thi s  i s  s e n s i b l e  s i n c e  on a 
h e a v i e r  t a r g e t  more c o l l i s i o n s  between t h e  p r o j e c t i l e  and t h e  t a r g e t
1911
n u c l e o n s  a r e  e x p e c t e d .  F u r t h e r  i t  has been shown 1 1  t h a t  t h e  t r e n d s  
shown i n  F i g u r e  12 a r e  a l s o  obs er ved  1n emul s ion  d a t a  s e l e c t e d  a c c o r d i n g  
t o  t h e  number of  knock-on p r o t o n s ,  which a r e  r e l a t e d  t o  y.
The e f f e c t  of  t h e  l e a d i n g  p a r t i c l e  c a s c a d i n g  a t  l a r g e  n i s  s een  in  
F i g u r e  13,  where t h e  p r o t o n - e m u l s i o n  d a t a  a r e  compared t o  p r o t o n - p r o t o n  
d a t a .  I t  may be n o t i c e d  t h a t  a t  h igh  n t he  number o f  p roduced  p a r t i c l e s  
i n  n u c l e a r  t a r g e t s  f a l l s  below t h a t  f o r  p r o t o n - p r o t o n  i n t e r a c t i o n s .  T h i s  
i s  a consequence  of  e ne r gy  and momentum c o n s e r v a t i o n .  Because  o f  m u l t i p l e
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Figure 11. Proton-enulslon pseudorapidity d i s t r ib u t io n s  at 67 ( • ) ,  
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Figure 12. Pseudorapidity d i s t r ib u t io n s  for 200 GeV protons  
Interact ing in targets  of d i f f e r e n t  mass.
X
4 400 GeV p-Em
400 GeV pp
1 0  1 2  3 4  5 6  7
V
Figure 13. 400 GeV proton-emulslon and proton-proton pseudorapidity  
d is tr ib u t io n s  i l l u s t r a t i n g  the leading p a r t i c l e  e f f e c t  at  
high pseudorapidity n .
c o l l i s i o n s  between t h e  p r i mary  and t a r g e t  n u c l e o n s ,  l e s s  e n e r g y  i s  
a v a i l a b l e  1n t h e  p r o j e c t i l e  f r a g m e n t a t i o n  r e g i o n  f o r  t h e  p r o d u c t i o n  of  
p a r t  i c l e s .
F i g u r e  14 shows t h e  d i s t r i b u t i o n  o f  h e a v y i l y  i o n i z i n g  t a r g e t
f r a g m e n t s  f o r  p r o t o n  p r i m a r i e s  a t  t h e  e n e r g i e s  67,  200 and 800 GeV. Here
i t  i s  seen  t h a t  t he  e v a p o r a t i o n  p r o d u c t  d i s t r i b u t i o n s  a r e  i n d e p e n d e n t  of  
p r i m a ry  e n e r g y .  In o t h e r  words ,  t h e  e ne r gy  t r a n s f e r  t o  t h e  t a r g e t  n u c l e u s  
i s  r e l a t i v e l y  c o n s t a n t .  S i nce  e ne r gy  1s t r a n s f e r r e d  t h r o u g h  c o l l i s i o n s ,
t h i s  i s  f u r t h e r  borne  o u t  by t h e  f a c t  t h a t  t he  a v e r a ge  number of
c o l l i s i o n s  v o f  t he  p r imary  i n s i d e  t he  e mul s ion  t a r g e t  1s a p p r o x i m a t e l y  
e q ua l  t o  2 . 5  o v e r  t h i s  e n t i r e  e ne r gy  r a n g e .  In an i n t e r a c t i o n ,  t h e  
p r i m a ry  hadron  c o l l i d e s  wi t h  abou t  2-3  t a r g e t  n uc l eo n s  and g i v e s  up 
a p p r o x i m a t e l y  t h e  same amount of  energy  t o  t he  t a r g e t  i n d e p en d en t  o f  i t s  
e n e r g y .
A b road  p l a t e a u  i n  n a t  h igh  e n e r g i e s  may i n d i c a t e  some t y p e  o f  long
I ?? 1r a n g e  c o r r e l a t i o n s  among t he  s e c o n d a r i e s . 1 1 A s t u d y  o f  t h e  t w o - p a r t i c l e  
c o r r e l a t i o n s  i n  t h e  low ene r gy  p r o t o n - n u c l e u s  d a t a  has  been  done by B. 
W o s i e k , ^ ^  G. B a r o n l , ^ ^  D. G h o s h ^ l  and o t h e r s .  They have shown
t h e  e x i s t e n c e  of  long r ange  c o r r e l a t i o n s  between t h e  p roduced  p a r t i c l e s  
(by s t u d y i n g  t h e  c o r r e l a t i o n s  between t h e  p a r t i c l e s  e m i t t e d  in d i f f e r e n t  
a n g u l a r  r e g i o n s )  as  wel l  a s  s h o r t  r ange  c o r r e l a t i o n s ,  which a pp ea r  i n  t he  
a n a l y s i s  o f  t h e  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n .  Woslek has  shown t h a t  
t h e  f o rwa rd /b a ck war d  c o r r e l a t i o n s  a r e  s t r o n g e r  a t  200 GeV t h a n  a t  60 GeV 
and s t r o n g e r  f o r  p r o t o n - n u c l e u s  t h a n  f o r  p i o n - n u c l e u s  c o l l i s i o n s .
An a n a l y s i s  o f  t h e  d a t a  u s i n g  t he  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n  





F i g u r e  14. P r o b a b i l i t y  d i s t r i b u t i o n  f o r  h e a v i l y  i o n i z i n g  t r a c k s  a t  
67 ( p o i n t s ) ,  200 ( s o l i d  l i n e ) ,  and 400 ( d a s h e d  l i n e )  GeV.
I n t e r a c t i o n s .  Th i s  b e h a v i o r  a g r e e s  wi t h  t h e  Dual P a r t o n  Model ,  f o r  
exampl e .  Baroni  e t  a l . and Ghosh e t  a l .  have bo th  c l a i med  t h a t  w h i l e  t h e  
t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n  m a i n t a i n s  t h e  same shape  i n  t h e  
p r o j e c t  : l e  r e g i o n  f o r  e v e n t s  w i t h  c o n s t a n t  number o f  r e c o i l  p r o t o n s ,  i t s  
v a l u e  d e c r e a s e s  wi t h  i n c r e a s i n g  number o f  r e c o i l s .  Thi s  i s  in ag reemen t  
w i t h  t h e  A d d i t i v e  Quark Model and i n d i c a t e s  t h a t  p a r t i c l e s  i n s i d e  t h e  
t a r g e t  become l e s s  c o r r e l a t e d  when t he  number of  h a d r o n - n u c l e o n  c o l l i s i o n s  
i n c r e a s e s .
The i d e a  o f  p a r t i c l e  p r o d u c t i o n  i n  c l u s t e r s  i s  c o m p a t i b l e  w i t h  t h e  
e x i s t i n g  d a t a .  P r ev io us  i n v e s t i g a t o r s  have found t h a t  t h e  a v e r a g e  d e n s i t y  
o f  c l u s t e r s  in p s e u d o r a p i d i t y  p = 1, t h e  c l u s t e r  s i z e  an = 2 , t h e  
c l u s t e r  mass on t h e  o r d e r  of  1 GeV, and t h e  number o f  p a r t i c l e s  pe r  
c l u s t e r  r a n g e s  from 2 t o  6 .  The i s s u e  o f  c o r r e l a t i o n s  and c l u s t e r  
p r o d u c t i o n  w i l l  be examined in d e t a i l  in Ch ap t e r  VI.
IV. 800 GeV PROTON-ENULSION EXPERIMENT
The d e t e c t o r  used In t h i s  s t u d y  of  p r o t o n - n u c l e u s  c o l l i s i o n s  was 
p h o t o g r a p h i c  e mu l s i on  p e l l i c l e s .  Four s t a c k s  o f  BR2 t y p e  emul s i on  
p e l l i c l e s ,  s u p p l i e d  by our  S o v i e t  c o l l a b o r a t o r s ,  were  exposed  t o  an  800 GeV 
p r o t o n  beam a t  t he  Fermi l ab  T e va t ro n  in May 1985.  Twenty 600 ym t h i c k  
p e l l i c l e s  of  l e n g t h  20 cm and w id t h  10 cm were s t a c k e d  t o g e t h e r  in a l i g h t  
t i g h t ,  w a t e r p r o o f  box.  A window i n  one end of t h e  box a l l o we d  t h e  p r o t o n  
beam t o  e n t e r  d i r e c t l y  i n t o  t h e  e m u l s i o n s .  The s t a c k s  were  exposed  as 
i l l u s t r a t e d  in F i g u r e  15. The box c o n t a i n i n g  t h e  e mu l s ion  s t a c k  was 
mounted on a movable t a b l e  t h a t  p e r m i t t e d  a l i gn m e n t  o f  t h e  beam w i t h  t h e  
t a r g e t  s t a c k .  The beam e n t e r e d  t h e  s t a c k  of  p l a t e s  a t  t h e  edge  on t h e  10 
cm s i d e .  The p l a t e s  were a l i g n e d  p a r a l l e l ,  t o  w i t h i n  10 mi 11i r a d i a n s ,  t o
J A
t h e  beam. The beam i n t e n s i t y  was 6 x 10 p a r t i c l e s / c m  and t h e  beam s i z e
was a p p r o x i m a t e l y  1 cm x 2 cm.
A f t e r  e x p o s u r e ,  t h e  p l a t e s  were s h i pped  t o  t h e  J o i n t  I n s t i t u t e  f o r  
N u c l e a r  R e s e a r c h ,  Dubna,  USSR where  t h e y  were d e ve l op ed  and mounted on
g l a s s  s l i d e s .  The s t a c k s  were t h e n  d i s t r i b u t e d  t o  t h e  f i v e  c o l l a b o r a t i n g
l a b o r a t o r i e s  f o r  a n a l y s i s :  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  Baton  Rouge,  USA; 
I n s t i t u t e  of  Nuc l ea r  P h y s i c s ,  Cracow,  Po la nd ;  P.N.  Lebedev I n s t i t u t e  o f  t h e  
Academy of  S c i e n c e s ,  Moscow, USSR; I n s t i t u t e  of  Nu c l ea r  P h y s i c s ,  Uzbeck 
Academy of  S c i e n c e s ,  T a s hk en t ,  USSR and P h y s i c a l  T e c h n i c a l  I n s t i t u t e ,  
T a s h k e n t ,  USSR. Our a n a l y s i s  i s  based  on t h e  ensemble  o f  d a t a  o b t a i n e d  
f rom a l l  t h e s e  l a b o r a t o r i e s .
The r e ma i nd e r  o f  t h i s  c h a p t e r  c o n t a i n s  a d e s c r i p t i o n  o f  t he  
i n t e r a c t i o n s  and t h e  p r o c e d u r e  f o r  d a t a  c o l l e c t i o n .
Exami na t i on  of  t h e  emu l s io n s  i s  c a r r i e d  o u t  i n  two s t e p s  on K o r i s t k a
V I
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model R4 mi c ro s c o pe s .  The f i r s t  s t e p  invo lves  l o c a t i n g  " e v e n t s " ,  i . e . ,  
i n e l a s t i c  c o l l i s i o n s ,  in t he  e mul s i ons .  This  i s  done by a l o n g - t h e - t r a c k  
s cann i ng  of  t he  i n c i d e n t  beam p a r t i c l e  t r a c k s .  The emul s ion  p l a t e s  a r e  
p l aced  on t h e  microscope  s t a g e  and under  530 m a g n i f i c a t i o n  ( t y p i c a l l y )  t h e  
s ca nn e r  l o c a t e s ,  a t  t h e  edge,  a group of beam t r a c k s .  They a r e  i d e n t i f i e d  
as a group of  p a r a l l e l ,  minimum i o n i z i ng  t r a c k s ,  each  of  which has 
a p p r o x i m a t e l y  30 - 40 deve loped  g r a i n s  pe r  100 urn of  t r a c k  l e n g t h .  One of  
t h e s e  t r a c k s  i s  s e l e c t e d  randomly,  and i t s  i n i t i a l  p o s i t i o n  i s  r e c o r d e d .
The s ca n ne r  f o l l o ws  t h i s  t r a c k  through  t he  emuls ion  u n t i l  h e / s h e  e i t h e r  (a)  
f i n d s  an i n t e r a c t i o n ,  (b) scans  a maximum t r a c k  l eng th  o f  5 cm, or  (c)  
l o s e s  t h e  t r a c k  among the  background.  When an i n t e r a c t i o n  i s  found i t s  
p o s i t i o n  i s  r e c o r d e d .  Thi s  p r o c e s s  i s  r e p e a t e d  f o r  randomly s e l e c t e d  
i n c i d e n t  beam t r a c k s .  Recording o f  t h e  t r a c k s  t r a c e d  and t h e  p o s i t i o n s  of  
e v en t s  makes use  o f  an XY g r i d  e t ch ed  onto t he  e m u l s i o n s .  D i g i t i z e d  l i n e a r  
gauge s e n s o r s  (XYZ) mounted on the  mic roscope  s t a g e  and i n t e r f a c e d  t o  a PDP 
11/23 computer  a r e  used t o  r ead  and s t o r e  t he  c o o r d i n a t e s .  This  raw d a t a  
i s  used t o  c a l c u l a t e  t he  p r o t o n  mean f r e e  pa th  in  t he  emu l s i on .  The l i n e a r  
gauge s e n s o r s  on t h e  mic roscope  have an accuracy  of  + 1 pm in each 
c o o r d i n a t e ,  which is  comparable  to t he  s i z e  of  a s i n g l e  g r a i n  in  a minimum 
I o n i z i n g  t r a c k .  Scanning u s u a l l y  proceeds  a t  a r a t e  o f  about  1 me te r  of 
t r a c k  p e r  pe r son  pe r  day.
The second and more compl i ca t ed  phase of  d a t a  c o l l e c t i o n  i n v o l ve s  
me as u r i ng ,  f o r  each even t  found,  t he  t ypes  o f  p a r t i c l e s  e m i t t e d  and t h e i r  
c o r r e s p o n d i n g  e mi s s i on  a n g l e s .  Tn a high energy  i n e l a s t i c  p a r t i c l e - n u c l e u s  
c o l l i s i o n  both t h e  i n c i d e n t  p ro ton  ( p r o j e c t i l e )  and t h e  emuls ion  n u c l eu s  
( t a r g e t )  can become h i g h l y  e x c i t e d .  As a r e s u l t ,  t h e s e  e v e n t s  a s  observed
in  t h e  e m u l s i o n  p l a t e s ,  have a c h a r a c t e r i s t i c  s t r u c t u r e  c o n s i s t i n g  o f  a 
f o r wa r d  peaked " j e t "  ( o f  p roduced  p a r t i c l e s )  f rom t h e  p r o j e c t i l e  ( f o r w a r d  
b e i n g  d e f i n e d  as  t h e  e x t e n s i o n  of  t he  d i r e c t i o n  of  t h e  p r o j e c t i l e  p r i o r  t o  
t h e  c o l l i s i o n ) ,  and a n e a r l y  i s o t r o p i c  d i s t r i b u t i o n  o f  r e c o i l  and 
e v a p o r a t i o n  p a r t i c l e s  from t h e  t a r g e t .  A s c h e ma t i c  drawing of  a t y p i c a l  
e v e n t  i s  shown i n  F i g u r e  16.
The minimum i o n i z i n g  produced p a r t i c l e s  a r e  moving a t  h i g h l y  
r e l a t i v l s t i c  speeds  ( 0  > 0 . 7 )  and a r e  c a l l e d  "shower  t r a c k s " .  They have 
l e s s  t h a n  50 d ev e lo p e d  g r a i n s  p e r  100 um f o r  our  BR2 t ype  e m u l s i o n s .  The 
s l o w l y  moving r e c o i l  and e v a p o r a t i o n  p a r t i c l e s  p roduce  t r a c k s  which a r e  
r e f e r r e d  t o  as  heavy t r a c k s ,  and a r e  f u r t h e r  s u b d i v i d e d  i n t o  two g r o u p s  
a c c o r d i n g  t o  t h e i r  a p pe a r a n c e  in t h e  e m u l s i o n .  Grey t r a c k s  a r e  m o s t l y  s low 
p r o t o n s  knocked ou t  of  t h e  n u c l e u s .  T h e i r  v e l o c i t i e s  f a l l  i n t o  t h e  
i n t e r v a l  0 . 2 5  < e < 0 . 7 .  They a r e  i d e n t i f i e d  by an i o n i z a t i o n  I > 1 . 4 10 , 
where  IQ i s  t h e  minimum i o n i z a t i o n ,  and a r ange  R o f  more t h a n  3000 urn. 
Black  t r a c k s  a r e  h e a v i e r  o r  m u l t i p l y  c ha r ged  f r ag me n t s  o f  t he  
d i s i n t e g r a t i n g  n u c l e u s  ( d e u t e r o n s ,  a l p h a  p a r t i c l e s ,  e t c . )  which a p p e a r  a s  
h e a v i l y  i o n i z i n g  p a r t i c l e s  w i t h  a range  R l e s s  t h a n  3000 um .
The e m u l s i o n  p l a t e s  r e g i s t e r  both s i n g l y  c ha r ged  p a r t i c l e s  and n u c l e a r  
f r a g m e n t s ,  b u t  t he y  do no t  d i s c r i m i n a t e  t h e  s i g n  o f  t h e  c h a r g e .
F u r t h e r m o r e ,  t h e y  a r e  r a t h e r  i n s e n s i t i v e  t o  t he  mass of  t h e  p a r t i c l e s  
e x c e p t  a t  low e n e r g i e s .  T h e r e f o r e ,  t h e  t r a c k s  o f  p,  n + , and n” e man a t i ng  
from h i gh  e ne r gy  c o l l i s i o n s  look e x a c t l y  a l i k e  i n  t h e  e m u l s i o n s .  N e u t r a l
t
p a r t i c l e s ,  e . g . ,  n s ,  do not  produce  t r a c k s  in t h e  e m u l s i o n ,  so t h a t  t h e y  
c a n n o t  be o b s e r ved  d i r e c t l y  in t h i s  t y p e  o f  e x p e r i m e n t .
The t o t a l  number o f  t r a c k s  emana t ing  from t h e  e v e n t  i s  nt o t  = n & + ng
to
+ n ^ ,  where ns i s  t h e  number o f  minimum i o n i z i n g  ( shower )  t r a c k s ,  ng i s  t h e  
number o f  g r ay  t r a c k s ,  and i s  t h e  number o f  b l a c k  t r a c k s .
The e m i s s i o n  a n g l e s  o f  each t r a c k  a r e  c a l c u l a t e d  from t h e  ( XYZ) 
c o o r d i n a t e s  r e c o r d e d  a t  a minimum of  t h r e e  p o i n t s  a l on g  each t r a c k  f o r  
shower  t r a c k s  and a t  two p o i n t s  f o r  t he  heavy t r a c k s .  For  shower  t r a c k s  a 
l e a s t  s q u a r e s  f i t  i s  used  t o  minimize  t h e  d e v i a t i o n s .  In o r d e r  t o  g e t  
a c c u r a t e  c o o r d i n a t e  meas u remen t s ,  as  we l l  as t o  s e p a r a t e  a l l  t h e  t r a c k s ,  
t h e  c o o r d i n a t e s  of  t h e  s m a l l e s t  e m i s s i o n  a ng l e  t r a c k  a r e  t y p i c a l l y  measured  
2000 - 3000 um away from t he  i n t e r a c t i o n  v e r t e x .
Using t h e  ( XYZ) c o o r d i n a t e s ,  two a n g l e s  a r e  c a l c u l a t e d  f o r  each  t r a c k :  
t h e  p o l a r  a n g l e  t h e t a  ( e )  and t h e  a z i mu t ha l  a ng l e  phi  ( « ) .  The t a  i s  t h e  
e m i s s i o n  a n g l e  between t h e  t r a c k  and t h e  d i r e c t i o n  of  t he  i n c i d e n t  p r o t o n ,  
w h i l e  phi  i s  t h e  a z i m u t ha l  a n g l e  r e l a t i v e  t o  t h e  Y a x i s  in t h e  YZ p l a n e ,  
p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of  t h e  p r i mar y  p a r t i c l e .  The c o o r d i n a t e  
s y s t e ms  used a r e  shown i n  F i gu r e  17. The axes  l a b e l e d  STAGE r e f e r  t o  t he  
a x es  d e f i n e d  by t h e  mot ion  o f  t h e  mi c r os cope  s t a g e .  The axes  l a b e l e d  P 
r e f e r  t o  t h e  p r i mar y  p a r t i c l e s  r e f e r e n c e  sys t em.  From t he  e m i s s i o n  a n g l e  
t h e t a  we c a l c u l a t e  t h e  p s e u d o r a p i d i t y  v a r i a b l e ,  n = - 1n ( t a n ( e / 2 ) J , as 
p r e v i o u s l y  d e f i n e d .  The a c c u r a c y  in p s e u d o r a p i d i t y  depends  upon t h e  
e m i s s i o n  a n g l e .  For a t r a c k  e m i t t e d  w i t h  an a n g l e  e = 0 . 0 1  r a d i a n s  t h e  
e x p e r i m e n t a l  e r r o r  i n  p s e u d o r a p i d i t y  i s  ± 0 . 02 5  u n i t s .  Thi s  c o r r e s p o n d s  t o  
a p a r t i c l e  w i t h  a p s e u d o r a p i d i t y  o f  a p p r o x i ma t e l y  5 . 5 .  For t h e  most  
f o r w a r d  p a r t i c l e s ,  w i t h  p s e u d o r a p i d i t i e s  o f  about  8 ,  t h e  e x p e r i m e n t a l  e r r o r  
i s  ± 0 . 1  u n i t .
The a n a l y s i s  o f  t h e  exposed e mul s ions  c o n t i n u e d  f o r  a p p r o x i m a t e l y  one 
y e a r .  In t h a t  t ime a t o t a l  o f  1718 i n e l a s t i c  i n t e r a c t i o n s  were measured  by
t h e  c o l l a b o r a t i o n ,  i n c l u d i n g  196 measured in ou r  l a b o r a t o r y  a t  LSU. To 
e n s u r e  c o m p a t a b i 1i t y  among t h e  d a t a  s e t s  o b t a i n e d  from t h e  d i f f e r e n t  
l a b o r a t o r i e s ,  t h e  same measur ing  t e c h n i q u e s  were used  by e v e r y o n e .  
C o o r d i n a t i o n  o f  t h e  d a t a  was pe r fo rmed  by t he  Cracow g r o u p ,  s i n c e  t h e y  had 
many y e a r s  o f  e x p e r i e n c e  i n  c o l l a b o r a t i o n  wi t h  t h e  S o v i e t s ,  and e a s i e s t  
a c c e s s  t o  a l l  t h e  o t h e r  l a b o r a t o r i e s .  Data  was s t o r e d  i n  ASCII fo r ma t  on 
ma gn e t i c  t a p e  and exchanged among a l l  l a b o r a t o r i e s  t h r ou gh  Cracow.
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Figure  15. Side view showing the  o r i e n t a t i o n  of  an emulsion s t ack  to 
the  pro ton  beam f o r  exposure.  The beam i n t e n s i t y  was 
6.0 x 10 p/cm .
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Figure 16. Typical 800 GeV proton-e*uls1on event .  The forward 
cone of p a r t i c l e s  1s composed of  the shower tracks ,  







 / . PRIMARY
X STAGE
Y,
Figure 17. I l l u s t r a t i o n  of  coord inate  systems used. “STAGE"
r e f e r s  to  the d i r e c t i o n  of  motion of the microscope s ta g e  
"P" r e f e r s  to  the p r o j e c t i l e  re feren ce  system.
V. SINGLE PARTICLE DISTRIBUTIONS
In  t h i s  c h a p t e r  t h e  i n c l u s i v e  d e s c r i p t i o n  o f  800 GeV p r o t o n - e m u l s i o n  
i n t e r a c t i o n s  i s  p r e s e n t e d .  Thi s  i n c l u d e s  t h e  o bs e r v e d  m u l t i p l i c i t y  and 
a n g u l a r  d i s t r i b u t i o n s ,  a s  wel l  a s  some d e r i v e d  f e a t u r e s ,  such  as  t h e
I 5  7 _ ? Q ]
d i s p e r s i o n  o f  t h e  m u l t i p l i c i t y  d i s t r i b u t i o n ,  e t c .  Lower e n e r g y  d a t a '  '
i s  u s ed  f o r  compar i sons  wi t h  t h e s e  r e s u l t s .
The mean c h a r a c t e r i s t i c s  o f  an  " av e r ag e"  800 GeV pro t on - t emul s i on  
n u c l e u s  c o l l i s i o n  a r e :  p r o d u c t i o n  of  20 shower p a r t i c l e s ,  2 . 9  g rey  
p a r t i c l e s ,  and 4 . 6  b l a ck  p a r t i c l e s .  T a b l e s  I and II  summarize t h i s  d a t a ,  
a l o n g  w i t h  t h e  d i s p e r s i o n  D of t h e  m u l t i p l i c i t y  d i s t r i b u t i o n ,  t h e  
0 / n s r a t i o ,  and t h e  n or ma l i z e d  m u l t i p l i c i t y  R. For co mp ar i s o n  t h e  same 
i n f o r m a t i o n  from e a r l i e r  e x p e r i m e n t s  by o u r  c o l l a b o r a t o r s  a t  -67 GeV, 200 
GeV and 400 GeV i s  a l s o  i n c l u d e d .  Thi s  raw d a t a  f rom lower  Biuergy 
e x p e r i m e n t s  was made a v a i l a b l e  t o  t he  a u t h o r ,  wh i l e  working  a t  t h e  
I n s t i t u t e  f o r  Nuc l ea r  Ph y s i c s  i n  Cracow, f o r  u s e  in t h i s  d i s s e r t a t i o n
N o t i c e  from Table  I t h a t  n^ and nb a r e  p r a c t i c a l l y  i n d e p e n d e n t  o f  
p r o j e c t i l e  e n e r g y .  In F i g u r e s  18-20 t h e  t a r g e t  f r agment  muTt’ipl  i c i t y  
d i s t r i b u t i o n s ,  n^ ,  nb and nh a r e  p r e s e n t e d .  As shown 1n F i y u r e  20 t h e  ng 
and nb d i s t r i b u t i o n s  a r e  e s s e n t i a l l y  t h e  same as t h o s e  o b t a i n e d  a t  lower  
e n e r g i e s .  Thus ,  t h e  e x c i t a t i o n  of  t he  t a r g e t  n u c l e u s  i s  c o n s t a n t  o v e r  t h i s  
e n e r g y  r a n g e .
The i n c r e a s e  in shower  p a r t i c l e  p r o d u c t i o n  w i t h  ene r gy  i s  s low.
F i g u r e  21 shows a p l o t  o f  n$ as  a f u n c t i o n  of  e n e r g y ,  which i s  we l l  
r e p r e s e n t e d  by
n $ = - ( 1 0 . 8  ± 1 .2 )  + ( 4 . 15  ± 0 . 1 9 )  In s (8)
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Ta bl e  I .  Average m u l t i p l i c i t i e s  of  t a r g e t  f r ag me n t s  a t  d i f f e r e n t  p r i m ar y  
p r o t o n  e n e r g i e s .
Eo Number of
(GeV) e v e n t s n
9 b n
6 7 ^ 7 ) 1183 2 . 7 4  + 0 .10 4 .76  ± 0 . 1 4  7 .50  i  0 . 2 2
200*2 8 1 2592 2 . 6 0  ± 0 . 06 5.02 t  0 . 1 0  7 . 6 2  + 0 . 1 5
40012 9 1 3482 2 . 79  ± 0 .06 4 .62  ± 0 . 0 8  7.41 ± 0 . 13
800 1718 2 . 9 0  + 0 .09 4 .62  + 0 . 1 2  7 . 52  ± 0 . 19
Table  I I . I n c l u s i v e  d a t a on t h e  m u l t i p l i c i t i e s  of  p roduced p a r t i c l e s .
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13 .84 ± 0 . 16  
16 .42 ± 0 .17
20 . 02  ± 0 . 2 9
5 .62  t  0 . 1 5  
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10.03 ± 0 .11 
11.98 ± 0 . 2 5
0 . 60  + 0 . 0 3  
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0 .61 ± 0 .01  
0 .60  + 0 . 0 2
1 . 45  ± 0 . 0 3
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1 . 66  + 0 .0 2  
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F i g u r e  2 0 .  Heavy ( g r e y  and b l a c k )  t r a c k  d i s t r i b u t i o n s
4 f >
where s i s  t h e  p r o t o n - p r o t o n  c .m.  energy s qu a r ed .  As was ment ioned
p r e v i o u s l y ,  t h e  number of  grey  t r a c k s  1n an e ven t  i s  r e l a t e d  t o  t h e  number
of  c o l l i s i o n s  of  t he  p r o j e c t i l e  i n s i d e  t he  t a r g e t .  The p r o b a b i l i t y  of an
e v e n t  having ng p a r t i c l e s  can be w r i t t e n  a s :  P (ng ) = £v*(v)  Py( ng)*
where P (n ) 1s t he  p r o b a b i l i t y  of  producing n p a r t i c l e s  in y c o l l i s i o n s ,  y y
and *(v)  i s  t h e  p r o b a b i l i t y  of having v c o l l i s i o n s  in  a h a d r o n - n u c l e u s  
i n t e r a c t i o n .  p \ / ng) may o b t a i n e d  e i t h e r  by a Monte Car lo  c a l c u l a t i o n  
u s in g  t he  ng d i s t r i b u t i o n  f o r  e ve n t s  wi t h  R < 1 o r ,  more u s u a l l y ,  by a 
phenomenalogica l  model as  g iven  by Anderson,  O t t e r l u n d ,  and StenlundJ-^l 
The p r o b a b i l i t y  of  having  « c o l l i s i o n s ,  *(u)» i s  de t e r mi n ed  from an 
i n t e g r a l  ove r  Impact  pa r amet e r  wi t h  a t h i c k n e s s  f u n c t i o n  f o r  t he  t a r g e t  
n u c l eu s  c a l c u l a t e d  wi t h  a Wood-Saxon n u c l e a r  d e n s i t y ^ 1 1.
F i g u r e  22 d em o n s t r a t e s  how t he  number of  shower p a r t i c l e s  depends  on 
t h e  number o f  c o l l i s i o n s  of  t h e  p r o j e c t i l e  i n s i d e  t he  n u c l e u s .  Since  t he  
number o f  grey  p a r t i c l e s  i s  r e l a t e d  to  v by
v -  1.45 + 0 . 5 8  ng - 0 .015  ng2 (9)
we can s e l e c t  e v e n t s  wi th  d i f f e r e n t  v t h rough  ng . Note t h a t  even i f
ng = 15 ( v = 6 . 8  ) n$ i s  b a r e l y  twi ce  what  i t  i s  a t  ng = 0
( v = 1.5 ) .  This  r e l a t i o n s h i p  i s  not  e x a c t l y  l i n e a r  which may i n d i c a t e
minor  p a r t i c l e  c a s c ad i n g  i n s i d e  t he  t a r g e t .  The number of  p a r t i c l e s  i s  
growing s l i g h t l y  f a s t e r  than j u s t  a c o n s t a n t  t imes  t he  number of 
c o l l i s i o n s .
F i g u r e  23 (a)  shows t he  shower p a r t i c l e  d i s t r i b u t i o n .  Not i ce  t h a t  t he  
ns d i s t r i b u t i o n  i s  broad and ex t ends  out  t o  e ve n t s  wi t h  as many as 75 
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Figure  21. Average m u l t i p l i c i t y  n$ vs s ,  c e n t e r  of mass energy 
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Figure  22. Average m u l t i p l i c i t y  n$ vs v , average number of
c o l l i s i o n s  in the  t a r g e t  nucleus  fo r  800 GeV d a t a .  ^
X
4 ' )
t e rms  of  t h e  K N O s c a l i n g  v a r i a b l e  z = n /  ns . 1^2] j ^ e KNO s c a l i n g  
n a
f u n c t i o n  * ( z )  = —-— -  i s  d e p i c t e d  in F i g u r e  23 ( b ) ,  where  t h e  c r o s s  s e c t i o n  
°1 nel
f o r  t h e  p r o d u c t i o n  o f  n p a r t i c l e s  i s  d eno t ed  by on , and ° ^ ne l  I s  t h e  
t o t a l  I n e l a s t i c  c r o s s  s e c t i o n .  The c u r v e  shown i s  f rom a f i t  t o  lower  
e n e r g y  p r o t o n - e m u l s i o n  n u c l e us  d a t a :
^ ( z )  = ( 2 . 52z + 3 0 . 9 z 3 + 3 . 2 9 z 5 + 1 . 0 4 z 7 ) e x p ( - 4 . 0 8 z ) . (10)
Al l  t h e  d a t a  f a l l  a p p r o x i m a t e l y  on a s i n g l e  cu r ve  - i n d e pe nd e n t  of  
e n e r g y .  While  t h e  d a t a  do no t  seem t o  r i s e  q u i t e  as  s t e e p l y  f o r  z < 0 . 5 0 ,  
t h e  ag reement  a t  h i gh  z i s  e x c e l l e n t .  I t  i s  s een  t h a t  KNO s c a l i n g  i s  
a p p r o x i m a t e l y  v a l i d  in t h e  e ne r gy  r ange  67 - 800 GeV. (The d a t a  c o v e r s  t he  
f u l l  p s e u d o r a p i d i t y  r a n g e . )  In F i gu r e  23 ( c )  t h e  e x p e r i m e n t a l  n s 
d i s t r i b u t i o n  i s  shown a long  wi th  a f i t  g i v e n  by t h e  Neg a t i v e  Binomial  
D i s t r i b t u i o n  (NBD):
P ( n .n .k )  ■ f c ( f c + l ) - - - 0 ‘+ n - l )  " ** , ( U )
n! (n+k)
where n i s  t h e  a v e r ag e  m u l t i p l i c i t y ,  and k i s  r e l a t e d  t o  t h e  d i s p e r s i o n  
2
by D? n = 1/  n + 1 / k .  I t  was shown by C a r r u t h e r s  and Shi h i 331 t h a t  t h i s  
t y p e  o f  d i s t r i b u t i o n  d e s c r i b e s  t h e  h i gh  e ne r gy  p r o t o n - p r o t o n  m u l t i p l i c i t y  
d i s t r i b u t i o n s  where KNO s c a l i n g  i s  v i o l a t e d .  For  t h e  800 GeV d a t a ,  k =
3 .22  ± . 0 1 .
A. Gio va nn in i  and L. Van H o v e l s  have proposed  t h a t  t h i s  NBD i s  
a s s o c i a t e d  w i t h  a s imp l e  c a s c ad e  p r o c e s s .  Cascad ing  means t h a t  p a r t i c l e s  











Figure  23 ( a ) .  Shower p a r t i c l e  d i s t r i b u t i o n  P(n$) vs n $.
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Figure 23 (b ) .  KNO s ca l i n g  f un c t i o n  *{2 ) vs z(= n /n  ) :  d a t a  
1s f o r  800 GeV; l i n e  1s f i t  t o  lower efter^y d a t a  a t  
67,  200 and 400 GeV.
n
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I n t e r a c t i o n  c l u s t e r s  a r e  formed and t h a t  t h e  t o t a l  number of  p a r t i c l e s  
produced i s  n.  The ( n + l ) t h  p a r t i c l e  can be o r i g i n a l l y  produced (an e x t r a  1 
p a r t i c l e  c l u s t e r ) ,  o r  i t  can be e m i t t e d  by one o f  t he  a l r e a d y  produced 
p a r t i c l e s ,  which makes i t  an e x t r a  p a r t i c l e  in  an e x i s t i n g  c l u s t e r .  Thus,  
i f  we assume a r e c u r r a n c e  r e l a t i o n  f o r  t he  m u l t i p l i c i t y  d i s t r i b u t i o n  P(n)  
l i k e
t h e r e  w i l l  be two c o n t r i b u t i o n s  to  g ( n ) ,  namely g(n)  = a + bn.  The "a" 
t e rm c o r r e s p o n d s  t o  the  e x t r a  produced c l u s t e r ,  t he  '‘bn" t e rm c o r r e sp o nd s  
t o  t h e  e x t r a  p a r t i c l e  in an e x i s t i n g  c l u s t e r .  The f r a c t i o n  of p a r t i c l e s  
produced in  c l u s t e r s  i s  k,  where k = a / b .  In Ref e r ence  I 341 t h e  f o l l ow i ng  
f e a t u r e s  of  t h i s  model a r e  g i ven :  (a)  t h e  number of  produced p a r t i c l e s  pe r
c l u s t e r  i s  g iven  by n ^  n / [ k  1n ( n / k )] + l / [ l n ( k / n ) ] w i t h  d i s p e r s i o n
~o o — —
n / — e l n ( n / k ) ,  f o r  t he  c as e  n >> k;  (b) t he  e x t e n t  o f  t h e  c l u s t e r s  in c nc
p s e u d o r a p l d i t y  i s  < 1.5 u n i t s ;  (c)  t he  aver age  number of  p a r t i c l e s  p e r  
c l u s t e r ,  nc , grows only  t o  3 .5  a t  t h e  h i g h e s t  SPS e n e r g i e s  
( / s  = 540 GeV). From our  d i s t r i b u t i o n  we o b t a i n  nc = 2 .85 ± . 0 7 .
Table  I I  shows t h a t  t he  q u a n t i t y  D/n& i s  Independent  of e ne r gy .  As 
can be s een  in F i gu re  24,  however,  t h e r e  i s  a d e c r e a s e  in t h e  r a t i o  D/ns 
wi t h  i n c r e a s i n g  va lu e s  of  ng.
F i g u r e s  25 and 26 show t h e  normal i zed a n g u la r  d i s t r i b u t i o n s  o f  t h e  
shower p a r t i c l e s .  No t i c e  t h a t  t he  p h i - d i s t r i b u t i o n  i s  r e l a t i v e l y  f l a t .  
Small  d e v i a t i o n s  from u n i f o r m i t y  a re  most l i k e l y  connec t ed  t o  e r r o r s  in t he  
s h r i n k a g e  f a c t o r  measurements  on some p l a t e s .  The n d i s t r i b u t i o n  r e a c h e s  a
( 12 )
r ) 4
peak v a l u e  o f  a p p r o x i ma t e l y  4 a t  n = 4.
The d a t a  were a l s o  d i v i d e d  i n t o  g r oups  of  e v e n t s  wi t h  d i f f e r e n t  
numbers  of  n^ t r a c k s :  n^< 1 , 2 < nh < 8 , n h > 8 . The
gr oup  nh s 1 c o r r e s p o n d s  t o  p r o t o n - p r o t o n  c o l l i s i o n s  and p e r i p h e r a l  p r o t o n -  
n u c l e u s  c o l l i s i o n s ,  w h i l e  t h e  group wi t h  n h > 8 c o r r e s p o n d s  t o  p r o t o n - h e a v y  
n u c l e u s  c o l l i s i o n s ,  i . e . ,  w i t h  t h e  Ag and Br n u c l e i  in t h e  e m u l s i o n .  These 
t h r e e  d i s t r i b u t i o n s  a r e  p r e s e n t e d  t o g e t h e r  i n  F i gu r e  27,  which shows t h a t  
i n t e r a c t i o n s  w i t h  h e a v i e r  n u c l e i  l ead  t o  i n c r e a s e d  p a r t i c l e  p r o d u c t i o n  but  
n o t  t o  l a r g e r  v a l u e s  o f  p s e u d o r a p i d i t y .
D
/n








f igu re  24.  Ratio o f  d ispers ion  to  average a u l t l p l l c l t y  0 /n  vs 
the nuaiber o f  grey tracks .  5
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Mgrue  27.  Pseudorap id i ty  d i s t r i b u t i o n  f o r  3 nh g roups : { l )  nh < 1; 
(2) 2 < nh < 8 ; (3)  nh > 8.
VI. CORRELATIONS AMONG THE PRODUCED PARTICLES
Whether  one assumes a quark i n t e r a c t i o n  model o r  a n u c l e o n - n u c l e o n
i n t e r a c t i o n  model i t  i s  a cc e p t ed  t h a t  t h e  produced  p a r t i c l e s  a r e  no t  a l l
I n d e p e n d e n t .  The p r o t o n - n u c l e u s  i n t e r a c t i o n  p r o d u c es  a number o f  r a t h e r
long l i v e d  " r e s o n a n c e s "  which s u b s e q u e n t l y  decay  i n t o  s t a b l e  h a d r o n s .  I t
i s  n a t u r a l  t h e n  t h a t  t h e  p roduced  p a r t i c l e s  w i l l  be g rouped  i n t o  c l u s t e r s
I IS 1of a s p e c i f i c  s i z e  and mass .  Many t h e o r i e s 1 ' a r e  p r e d i c t i n g  t h e s e
c l u s t e r i n g  p r o p e r t i e s ,  so  a r ev i ew o f  t h e  b a s i c  i d e a s  i s  g i v e n  be low.
A c l u s t e r  o f  p a r t i c l e s  i s  d e f i n e d  i n  t he  f o l l o w i n g  manner .  Look in 
each e v e n t  a t  t h e  p o s i t i o n s  o f  t h e  shower  p a r t i c l e s  ( p o s i t i o n  g i v e n  by 
e i t h e r  a n g u l a r  c o o r d i n a t e ,  n o r  $ ) .  Two p a r t i c l e s  e m i t t e d ,  s ay  a t
and a r e  100% c o r r e l a t e d  i f  e v e r y  t i me  a p a r t i c l e  a p p e a r s  a t  t h e  
o t h e r  a p p e a r s  a t  In o t h e r  words ,  c o r r e l a t i o n  i m p l i e s  t h a t  t he
p r o b a b i l i t y  o f  f i n d i n g  a p a i r  of  p a r t i c l e s ,  one a t  nj  and t h e  o t h e r  a t  n^.  
i s  enhanced o ve r  t h e  p r o b a b i l i t y  o f  randomly f i n d i n g  2 p a r t i c l e s  a t  t h e s e  
v a l u e s  o f  nj and n2 - I f  i ndeed  i t  i s  found t h a t  n p a r t i c l e s  a r e  c o r r e l a t e d  
wi t h  each  o t h e r  we t h e n  i d e n t i f y  t h a t  as  an n p a r t i c l e  c l u s t e r .
The c l u s t e r  p r o p e r t i e s  t o  look f o r  a r e :  ( i )  t h e  d e n s i t y  o f  c l u s t e r s  i n  
p s e u d o r a p i d i t y ; ( i i )  t h e  c l u s t e r  s i z e  o r  t h e  number o f  c ha r ge d  p a r t i c l e s  
p e r  c l u s t e r ;  ( i i i )  t h e  c l u s t e r  e x t e n t  ( i n  u n i t s  o f  r a p i d i t y ) ;  o r  ( i v )  t h e
number o f  c l u s t e r s  pe r  e v e n t .
T h i s  i d e a  o f  c o r r e l a t i o n  may be e x t e nd e d  from p a r t i c l e s  t o  t h e  
c l u s t e r s  t h e m s e l v e s .  I f  i t  i s  found t h a t  t h e r e  e x i s t s  a c o r r e l a t i o n  
be tween  c l u s t e r s ,  t h i s  i s  r e f e r r e d  t o  as  a " l ong  r a ng e  c o r r e l a t i o n " .  
T y p i c a l l y  t h e  s h o r t  r a ng e  c o r r e l a t i o n s  t h a t  b ind  p a r t i c l e s  i n t o  a c l u s t e r  
have a r a ng e  o f  about  1 u n i t  o f  p s e u d o r a p i d i t y .  A long r a n g e  c o r r e l a t i o n
Vi
6 0
would n e c e s s a r i l y  be g r e a t e r  t ha n  t h a t .
The c o r r e l a t i o n  between p a r t i c l e s  can be g iven  p r e c i s e  meaning by 
I n t r o d u c i n g  t h e  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n a l ;
P?( n 1 IHj)
V nr n?> = P l C ^  P l (n2 ) ‘ u  (13a)
e l W K  5 ?  * p2 ^ n l ,T12^ = o d n [ d n 2 * ^ 1 3 b ^
where p^ and p 2 a r e  t he  s i n g l e  and two p a r t i c l e  d e n s i t i e s ,  r e s p e c t i v e l y .
In t e rms  o f  t h e  a c t u a l  number of s i n g l e  p a r t i c l e s  and number o f  p a i r s ,  t he  
t w o - p a r t 1 c l e  c o r r e l a t i o n  f u n c t i o n  R2 i s  d e f in e d  a s :
Nr  N - { H i , n ? )
R 2 ( n l ’ n2 ) = N 1 { n 1 )  N j ( n 2 )  "  1 ( 1 4 )
where ,  = t o t a l  number of  i n e l a s t i c  e v e n t s  in  t he  sample ,  Nj(n^)  i s  the  
t o t a l  number of  p a r t i c l e s  a t  n j ,  summed over  a l l  e v e n t s ,  and N ^ n j . n ^ )  i s  
t h e  t o t a l  number o f  p a r t i c l e  p a i r s  wi t h  one p a r t i c l e  a t  and t h e  o t h e r  
a t  n2 in  t h e  same e v e n t ,  summed over  a l l  e v e n t s .  I f  t h e r e  i s  no 
c o r r e l a t i o n  between p a r t i c l e s  produced a t  and n2 t h e n
- p j ( n j ) p j ( ^2 ) ®nd ^2 ) *”
A s imple  r e s u l t  may be d e r i v e d  by t a k i n g  the  i n t e g r a l  of  C2 , where C2 
1s R2 t i mes  p j ( n ^ )  P l ( n 2 ) .  Using
f p 2 ( fi p n 2 ) dn^dn2 = n(n-T)  and j‘D| (n^)dn^  = n (15)
t h e  i n t e g r a t e d  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n  i f  found t o  be:
6 1
fp = /C^dnjdn- ,  = n ( n - l ) - n = - n.  (16)
Th i s  g i v e s  a measure  o f  t h e  p a r t i c l e  c o r r e l a t i o n s  d i r e c t l y  f rom t h e
? —m u l t i p l i c i t y  d i s t r i b u t i o n .  For a P o i s s o n  m u l t i p l i c i t y  d i s t r i b u t i o n  D = n 
so t h a t  f 2 = 0 .
In t h e  c .m.  sytem p a r t i c l e s  n a t u r a l l y  d i v i d e  t h e m s e l v e s  i n t o  t h o s e  
moving backward and f o r war d .  In o r d e r  t o  look f o r  long r a n g e  c o r r e l a t i o n s  
1n t h e  d a t a  one can examine t h e  f o r ward /backwar d  c o r r e l a t i o n s .  Thi s  means 
c a l c u l a t i n g  t h e  dependence  o f  t h e  a v e r ag e  number o f  p a r t i c l e s  produced  in  
t h e  f o r wa rd  (backward)  hemisphere  on t h e  a c t u a l  number of  p a r t i c l e s  in t h e  
backward ( f o r w a r d )  he mi s ph e r e .  S p e c i f i c a l l y ,  s e t  
n ( f o r w a r d )  = b • n (backward)  + a and c a l c u l a t e  t h e  c o e f f i c i e n t s  a and 
b.  Large v a l u e s  o f  b would imply s t r o n g  dependence  of  t h e  p a r t i c l e  
p r o d u c t i o n  In one hemisphere  on t h e  p a r t i c l e s  produced in  t h e  o p p o s i t e  
h e m i s p h e r e ,  w h i l e  b = 0 would imply no c o r r e l a t i o n s  a t  a l l .  In an a t t e m p t  
t o  s e p a r a t e  s h o r t  r a ng e  from long range  c o r r e l a t i o n s  one may r e f i n e  t h i s  
i d e a  by l o o k i n g  a t  smal l  p s e u d o r a p i d i t y  r e g i o n s  Anj and An^ which a r e  
we l l  s e p a r a t e d  from each o t h e r ,  i n s t e a d  o f  a v e r a g i n g  ove r  t h e  e n t i r e  
h e m i s p h e r e .
R a t h e r  t h a n  s t u d y i n g  t he  p r o b a b i l i t i e s  of  p r o d u c i n g  p a r t i c l e s  a t  
S p e c i f i e d  n v a l u e s ,  o t h e r  a u t h o r s  have proposed  l ook i ng  a t  t he  
p s e u d o r a p i d i t y  "gaps"  in t h e  s ec on d a ry  p a r t i c l e  d i s t r i b u t i o n s . ^ ^  For  
each  e v e n t  o r d e r  t he  p a r t i c l e s  i n  i n c r e a s i n g  v a l u e s  o f  n, and t h e n  
c a l c u l a t e  a "gap d i s t r i b u t i o n "  by c o u n t i n g  t h e  number of  ga ps  o f  s i z e  An 
be tween  a d j a c e n t  p a r t i c l e s .  B e s i de s  c o n s i d e r i n g  a d j a c e n t  p a r t i c l e s ,  M.
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Adamovi tch e t  a l  have g e n e r a l i z e d  t h i s  method by s k i p p i n g  k p a r t i c l e s
and c a l c u l a t i n g  t h e  d i s t r i b u t i o n  f o r  f i x e d  v a l u es  o f  k.  A t r u e  gap has  k = 
0 and i s  c a l l e d  n e u t r a l .  When p a r t i c l e s  a r e  found 1n t he  gap I t  i s
r e f e r r e d  t o  as  a c ha r ged  gap .  The f o l l o w i n g  s t a t e m e n t s  a r e  d e r i v e d  from
t h e  d e t a i l e d  arguments  p r e s e n t e d  1n APPENDIX 2:
( a )  f o r  i n d e p e n d e n t l y  e m i t t e d  c l u s t e r s  t he  gap d i s t r i b u t i o n  a t  s ma l l  r
i s :  P{ r )  o e x p ( - p n  r ) ,  r  = t h e  gap s i z e ,  n r  = t h e  number o f  p a r t i c l e sc ^
p e r  c l u s t e r ,  p i s  t h e  d e n s i t y  of  c l u s t e r s  i n  p s e u d o r a p i d i t y .
(b)  t h e  gap d i s t r i b u t i o n  a t  l a r g e  r  i s :  P ( r )  = e xp ( - p  r ) .
( c )  f o r  c ha r ged  gaps  wi t h  k p a r t i c l e s  i n  t h e  gap ,  t he  peak of  t h e  
d i s t r i b u t i o n  i s  g i v e n  by r  = k / [ p n c + ( 2k- 1 ) / 2 k ].
Having d i s c u s s e d  what  i s  meant  by c o r r e l a t i o n s  and some of  t h e  ways of
q u a n t i t a t i v e l y  meas ur ing  t h e  c o r r e l a t i o n s ,  one can  examine what  t he  v a r i o u s
models  p r e d i c t  f o r  p a r t i c l e  c o r r e l a t i o n s .  F i r s t  n o t e  t h a t  i n  t h e  s i mp l e
c o l l e c t i v e  mode l s  t h e  c o r r e l a t i o n  f u n c t i o n s  f o r  p r o t o n - n u c l e u s  and p r o t o n -
n u c l e o n  s c a t t e r i n g  sh o u l d  be t he  same as has  been p o i n t e d  o u t  by 
I TQ IN i k o l a e v . 1 ' Exper imen t s  have shown, however ,  t h a t  t h i s  i s  no t  t h e  c a s e .
The Dual P a r t o n  Model p r e d i c t s  c o r r e l a t i o n s  i n  t e r ms  of  t he
a v e r a g e  fo r wa rd /b a ck war d  m u l t i p l i c i t i e s .  L e t t i n g  nq be t h e  number o f  
had r on  c h a i n s  d eve l ope d  in t h e  i n t e r a c t i o n  ( a  random number ) ,  t h e  a u t h o r s
o f  t h i s  model f i n d  t h e  I mpor t an t  r e s u l t  t h a t ,  as  long as t h e  number of
- 2 ~  2c h a i n s  be tween q u a r k s  and d i q u a r k s  f l u c t u a t e s ,  so t h a t  nq * nq » t h e r e  i s  
a lways  a long r ange  c o n t r i b u t i o n  t o  t h e  c o r r e l a t i o n .  This  long r a ng e  
c o r r e l a t i o n  between d i f f e r e n t  c l u s t e r s  i s  in d i r e c t  c o n t r a s t  t o  t he  
i n d e p e n d e n t  c l u s t e r  e m i s s i o n  mode l s .
Davidenko and Ni ko l aev  a rg ue  in t h e  A d d i t i v e  Quark Model t h a t  a t  h igh
f> i
e n e r g i e s ,  where  many s t r i n g s  ( n0 ) a r e  d e v e l o p i n g  be tween q u a r k s ,  t h i s  long
2  -  -  2r a n g e  c o r r e l a t i o n  e x i s t s  a l s o  i f  nq /  nq * 1. However ,  t h e y  a rg u e  t h a t  
t h i s  i s  not  so a t  lower  e n e r g i e s ,  where t h e y  p r e d i c t  weaker  c o r r e l a t i o n s .  
The main p r e d i c t i o n  of  t h i s  model i s  t h a t  t h e  v a l ue  o f  R2 (y»y)  in  a p r o t o n -  
n u c l e u s  c o l l i s i o n  shou ld  be l e s s  t h a n  in a p r o t o n - n u c l e o n  c o l l i s i o n  f o r  a l l  
y < y c . Th i s  v a l u e  of  y c i s  r e l a t e d  t o  t h e  n u c l e a r  r a d i u s  and t o  t h e  
p r o j e c t i l e  momentum.
To summarize t h e s e  t h o u g h t s ,  t h e  a d d i t i v e  mode l s  on h a d r o n - n u c l e u s  
i n t e r a c t i o n s  p r e d i c t  s t r o n g  c o r r e l a t  i o n s , bo th  s h o r t  and long r a n g e d .  By 
s t u d y i n g  such c o r r e l a t i o n s  i n  t h e  e x p e r i m e n t a l  d a t a ,  i n  a d d i t i o n  t o  t h e  
s i n g l e  p a r t i c l e  a n a l y s i s ,  we have a more s e n s i t i v e  t o o l  t o  use  in  t r y i n g  to 
d i s t i n g u i s h  between d i f f e r e n t  model s .
1. PAIR PRODUCTION
I f  p a r t i c l e s  a r e  in f a c t  produced i n  c l u s t e r s  o f  f i n i t e  s i z e ,  t h e n  i t  
1s e x p e c t e d  t h a t  t h e  number o f  p a i r s  o f  p a r t i c l e s  w i t h  smal l  s p a t i a l  
s e p a r a t i o n s  shou ld  be g r e a t e r  t h a n  t h e  number o f  p a i r s  w i t h  l a r g e  
s e p a r a t i o n s .  One can  t e s t  f o r  t h i s  p r o d u c t i o n  of  e x c e s s  p a i r s  in  t h e  
f o l l o w i n g  way.  De f i ne  t h e  c l u s t e r  s i z e  t o  be some smal l  r a ng e  in 
p s e u d o r a p i d i t y  s p a c e ,  say | anf < 0 . 2 .  Then f o r  each  p a i r  o f  p a r t i c l e s ,  i 
and j ,  t h a t  have |n* - n J  c 0 . 2  p l o t  d i f f e r e n c e s  i n  t h e  a z im u t h a l
' J
a n g l e  a<t = | .  True p a i r s  w i l l  have smal l  Th i s  t y p e  of
d i s t r i b u t i o n  i s  shown in F i g u r e  28.  There  i s  a s i g n i f i c a n t  peak 
a t  A<t> < 30° ,  w i t h  334 p a i r s / b i n  be ing  o b s e r v e d  above t h e  u n i f o r m  l e v e l  o f  
1790 p a i r s / b i n ,  d e t e r m i n e d  by t h e  a v e r a g e  number o f  p a i r s  measured 
f o r  a* > 30° .  The e x c e s s  of  c l o s e  p a i r s  can  be measured i n  t e rm s  of
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Figure 28. Number of pa irs  produced vs separat ion  in azlimithal  
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Figure  29. Number of  p a i r s  produced vs s e p a r a t i o n  in a 2 lmuthal 
angle  *;  0 .3  5 |An| 5 0 .4 .
h b
w - Np a ^r / Nt,» where Npfl^r  i s  t h e  number of  p a i r s  w i t h  An < 0 . 2  and 
A<t> < 30° above t he  un i f o r m l e v e l  and Nt  i s  t h e  t o t a l  number o f  p a i r s  in  
t h e  a n a l y s e d  sampl e .  For  t he  800 GeV d a t a  w i s  equa l  t o  3%. The l a r g e  
peak a t  smal l  a* d i s a p p e a r s  i f  p a r t i c l e s  a r e  p roduced  f a r  a p a r t  in 
p s e u d o r a p i d i t y ,  as i l l u s t r a t e d  i n  F i g u r e  29 f o r  0 . 3  < | a n |  < 0 . 4 .
2.  LONG RANGE CORRELATIONS
R e c a l l i n g  t h e  d e f i n i t i o n  of  f p ,  The i n t e g r a t e d  2 p a r t i c l e  c o r r e l a t i o n  
f u n c t i o n ,  we f i n d  a v a l u e  of  f ^  = 124 ± 11.  I f  p a r t i c l e s  were e m i t t e d  
i n d e p e n d e n t l y  f^  would be z e r o .  The i s s u e  o f  long r ange  c o r r e l a t i o n s  (LRC) 
may be examined by l o ok in g  a t  p a r t i c l e  p r o d u c t i o n  i n  t h e  f o r wa r d  and 
backward h e m i s p h e r e s .  I t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  dependence  o f  t h e  
a v e r a g e  number o f  p a r t i c l e s  produced 1n t h e  f o r ward  (backward)  r e g i o n  
| r ip{ng ) ]  a s  a f u n c t i o n  of  t h e  a c t u a l  number of  p a r t i c l e s  i n  t h e  backward 
( f o r w a r d )  r e g i o n .  Assuming t h i s  r e l a t i o n s h i p  i s  l i n e a r ,  i t  i s  found f o r  
800 GeV p r o t o n - e m u l s i o n  i n t e r a c t i o n s
ry = ( 0 . 31  ± 0 . 0 2 )  nB + ( 5 . 7  ± 0 . 3 ) ,  (17a)
whi l e
hg = ( 0 . 8 6  ± 0 . 0 7 )  n p + (3 .2  i  0 . 8 ) .  (17b)
From t h e  v a l u e s  of  t h e  s l o p e s  one can o b se r ve  t h a t  t h e  a v e r a g e  m u l t i p l i c i t y  
In t h e  backward hemi sphe re  depends  s t r o n g l y  on t h e  a c t u a l  number o f  
p a r t i c l e s  in t h e  f o r ward  h em i s ph er e ,  whereas  t he  o p p o s i t e  c a s e  i s  much 
w eak e r .  F i g u r e  30 shows t h i s  r e l a t i o n s h i p .  Th i s  same a f f e c t  has  been  seen  
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Figure  30. Average number of p a r t i c l e s  produced In the  backward 
( forward)  r eg ion  vs the  number in t he  forward 
(backward) r eg ion .  ( • )  n„ vs n . ;  ( a) nf vs nB 
Dot-dashed l i n e  1s p ro ton-pro ton  da t a .
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Figure 31. Long range correlation (LRC) parameter (b) vs separation
1n p seudor ap i d i t y :  (•) n̂  vs n„; (a) n^ vs n^ . Lines are  
merely to guide the  eye.
6 f )
p r o t o n - p r o t o n  c o l l i s i o n s ' ^  where t he  c o r r e l a t i o n s  a r e  equa l  f o r  b o t h  
nB vs n F anc* nf vs nB* Wha* seen  ^he p r o t o n - n u c l e u s  c o l l i s i o n s  
i n d i c a t e s  t h a t  t h e  s t r o n g  dependence  o f  n^ on np i s  due t o  m u l t i p l e  
c o l l i s i o n  of  e x c i t e d  h a d r o n i c  m a t t e r  i n s i d e  t h e  t a r g e t  n u c l e u s .  To 
d e t e r m i n e  t h e  r ange  of  t h e s e  c o r r e l a t i o n s ,  d i v i d e  t h e  a v a i l a b l e  
p s e u d o r a p i d i t y  h emi s phe r e  i n t o  s l i c e s  of  wi d t h  A n  = 1 u n i t .  Then 
r e c a l c u l a t e  ^ ( n ^ )  as  a f u n c t i o n  of  t h e  i n c r e a s i n g  s e p a r a t i o n  be tween 
t h e s e  windows.  F ig u r e  31 g i v e s  t h e  long r ange  c o r r e l a t i o n  s l o p e  as  t h e  
s e p a r a t i o n  i n c r e a s e s  f rom 0 ou t  t o  4 u n i t s  o f  p s e u d o r a p i d i t y . I t  i s  
e v i d e n t  when compar ing t h i s  g raph  t o  t h e  v a l u e  q uo t ed  above t h a t :  (1)  t he  
s t r e n g t h  o f  t h e  c o r r e l a t i o n  i s  r educed  by l ook i ng  on ly  i n  t h e s e  
p s e u d o r a p i d i t y  windows;  (2)  t h e  s t r o n g e r  c o r r e l a t i o n s  a r e  s h o r t  r a n g e ,  when 
t h e  windows have 0 s e p a r a t i o n ;  (3)  some long r ange  c o r r e l a t i o n s  e x i s t  ou t  
t o  ab ou t  3 u n i t s  o f  p s e u d o r a p i d i t y  s e p a r a t i o n .
3. TWO PARTICLE CORRELATION FUNCTION
F i g u r e  32 i s  a p l o t  o f  R p ( n p  = n ^ ) .  Th i s  i l l u s t r a t e s  t h a t  t h e  
p r o b a b i l i t y  o f  p r o d u c i n g  2 p a r t i c l e s  c l o s e  t o g e t h e r  in n i s  l a r g e  even ou t  
t o  v a l u e s  of  n * 5,  which i s  n e a r  t h e  edge of  t h e  c e n t r a l  p i o n i z a t i o n  
r e g i o n .  F i g u r e  33 g i v e s  R p ( n p  np) vs (n^ - np) Tor 3 d i f f e r e n t  v a l u e s  of 
t\2 » s p a n n i n g  t h e  c e n t r a l  r e g i o n .  The e s s e n t i a l  f e a t u r e s  of  a l l  3 c a s e s  
i l l u s t r a t e d  a r e  t h a t  (1)  t he  p a i r  p r o d u c t i o n  p r o b a b i l i t y  i s  h ig h  and 
c o n s t a n t  i n  t h e  backward hemisphere  and (2)  in t h e  most  foward n r e g i o n  t he  
p a r t i c l e s  a r e  a n t i c o r r e l a t e d .  F i g u r e  34 i s  a c o m p o s i t e ,  showing 












Figure 32. Two-particle corre la t ion  function vs nj.
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Figure 33. Two-partic le  co rr e la t io n  function M n . f n, )  vs (n.  -  n. )  
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Figure 34. Two-particle c o r r e la t io n  function  ( M n i .  n?) for  lower 
energy data: (Q) 67 GeV; (a) 200 GeV, ( • )  400 GeV; and 
t h i s  experiment (x) 800 GeV .
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each  e ne r gy  was chosen  t o  be t h e  l a b o r a t o r y  p s e u d o r a p i d i t y  o f  a p a r t i c l e  
e m i t t e d  a t  90 d e g r e e s  in t h e  e q u i v a l e n t  pp c .m.  sys t em.  The f e a t u r e s  and 
c o r r e l a t i o n  s t r e n g t h s  a r e  h a r d l y  changed f rom t h e  800 GeV d a t a ,  a l t h o u g h  
t h e  d a t a  a r e  s l i g h t l y  below t h e  200 GeV r e s u l t s  in t h e  backward 
h e mi s p h e r e .  I t  seems t h a t  w ha t ev e r  mechanism i s  r e s p o n s i b l e  f o r  t h e  
c o r r e l a t i o n s  i s  g i v i n g  equal  we i gh t  to  t h e  f i n a l  m u l t i p a r t i c l e  s t a t e  o v e r  
t h i s  e n t i r e  ene r gy  r a n g e .
4. STUDY OF THE GAP DISTRIBUTIONS
In t h e  next  s e r i e s  of  f i g u r e s  t he  pseudor ap  i d i t y  gap d i s t r i b u t i o n s  f o r  
bo th  c ha r ged  and uncharged  gaps  a r e  p r e s e n t e d .  These a r e  c a l c u l a t e d  by 
o r d e r i n g  t h e  p a r t i c l e s  i n  d e c r e a s i n g  v a l u e s  of n i n  each  e v e n t  and c o u n t i n g  
t h e  s i z e s  o f  t h e  gap between two p a r t i c l e s  when d i f f e r e n t  numbers of  
p a r t i c l e s  (k)  appea r  i n  between them,  where k = 0 ,  1,  2,  . . .  The k = 0 
c a s e  has  a d i f f e r e n t  shape f rom t h e  h i g h e r  o r d e r  k d i s t r i b u t i o n s ,  as  i s  
s een  i n  F i g u r e  35,  where k = 0 ,  3,  10 a r e  shown f o r  i l l u s t r a t i o n .  F i g u r e  
35 ( a )  shows t h e  k = 0 d i s t r i b u t i o n  sunned ove r  a l l  n$ . The b e h a v i o r  a t
l a r g e  and smal l  r  i s  c l e a r l y  d e m o n s t r a t e d .  The s l o p e  of  t h e  e x p o n e n t i a l
d i s t r i b u t i o n  f o r  l a r g e  r  ( r  >1 .2 )  i s  1.2 + 0 . 1 ,  which i s  t h e  c l u s t e r  
d e n s i t y .  Th i s  va lue  i s  s l i g h t l y  l a r g e r  t han  t he  p r e v i o u s l y  r e p o r t e d  
v a l u e ^ ^  of  p *• 1. To t r y  and o b t a i n  a b e t t e r  e s t i m a t e  o f  p,  t h e  k = 0
d i s t r i b u t i o n  f o r  a l l  ns was f i t  two ways:  f i r s t  by u s i n g  a c u t  o f f  o f  r  = 1
and do i ng  two s e p a r a t e  l e a s t  s q u a r e s  f i t s ,  one f o r  r  < 1,  and a n o t h e r  f o r  r  
> 1; s e c o n d l y  by do i ng  a two p a r a me t e r  f i t  ove r  t h e  e n t i r e  r a n g e  o f  r .
Th i s  two p a r a m e t e r  f i t  was done by P r o n y ' s  Method.  The two p a r a m e t e r
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f i t  y i e l d e d  p = 1.1 ± 0 . 2 ,  w h i l e  p = 1.2 ± 0 . 1  from t h e  c u t - o f f  method.  
These  a r e  e qu a l  w i t h i n  t h e  quo t ed  e r r o r s .  For  smal l  r  t h e  s l o p e  i s  3 . 07  ±
0 . 2 .  When p a r t i c l e s  a r e  w i de ly  s e p a r a t e d ,  t h e n  t h e  p a r t i c l e  s e p a r a t i o n  
sh ou ld  be equa l  t o  t h e  ave r age  c l u s t e r  s e p a r a t i o n  from which we deduce  t h e  
minimum c l u s t e r  s e p a r a t i o n  t o  be t h e  p o i n t  where P ( r )  assumes  i t s  l a r g e  r  
b e h a v i o r .  In t h i s  c a s e ,  t h e  maximum c l u s t e r  s i z e  i s  s een  t o  be r  = 1 . 2 .
F i g u r e  35 (b)  and ( c )  shows t h e  k=0,  3, and 10 d i s t r i b u i o n s  w i t h  n s = 
20.  The k = 0 d i s t r i b u t i o n  i s  b e s t  f i t  (x^/NDF = . 0 3 . )  t o  an e x p o n e n t i a l  
c u r v e  a t  smal l  r :
P ( r )  = ( 0 . 4 6  t  . 13)e~ ( 3 *3 1 *2 J r  (18)
g i v i n g  pnc = 3 . 3  ± 0 . 2 0 .
I t  was remarked e a r l i e r  t h a t  from t h e  h i g h e r  o r d e r  ( k *■ 0 ) 
d i s t r i b u t i o n s ,  t h e  c l u s t e r  s i z e  can be found from t h e  l o c a t i o n  of  t h e  peak 
rmax through:
r max * onc +k ( 2 k - l ) / 2 k -  <l 9 >
Thus f rom t h e  d i s t r i b u t i o n s  p r e s e n t e d  In F i g u r e  35 (c)  i t  i s  found t h a t  
pnc = 4 . 07  ± 0 .21  and pnc = 3 .05  ± 0 .11 f o r  k = 3 and 10 r e s p e c t i v e l y .  
Taking a w e ig h t ed  ave r age  of t h e  gap d i s t r i b u t i o n s  f o r  k = 0 ,  1,  2 ,  3,  4 ,
5,  and 10 y i e l d s  pn£ = 3 . 35  t  0 . 4 4 .  We then  f i n d  t h a t  
nc = 2 .8 0  ± 0 . 5  u s i n g  our  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  p = 1 . 2 .  Thi s  
c l u s t e r  m u l t i p l i c i t y  i s  In agreement  w i t h  t h e  r e s u l t  f rom t h e  Ne ga t i ve  
Binomia l  D i s t r i b u t i o n .
F i g u r e  36 shows t h e  k = 0 gap d i s t r i b u t i o n  f o r  t h e  200 GeV and 400 GeV 
p r o t o n - e m u l s i o n  d a t a  a t  ns = 14 and n$ = 16, r e s p e c t i v e l y .  Again u s i n g  an 
e x p o n e n t i a l  f i t  ( *2/NDF = .23 ( . 2 4 )  a t  200 (400)  GeV) , t h e  c l u s t e r  
m u l t i p l i c i t i e s  a r e  s een  t o  be nc = 2 . 3 8  ± 0 .15  a t  200 GeV and 
nc = 2 .16  ± 0 . 1 6  a t  400 GeV. A v a l ue  o f  p = 1 .2  has  been used  h e r e .  
C o ns e q u e n t l y  i t  a pp ea r s  t h a t  t he  c l u s t e r  s i z e  i s  a p p r o x i m a t e l y  t he  same a t  
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Figure  35 ( a ) .  Gap d i s t r i b u t i o n  fo r  k = 0,  a l l  n$ , i l l u s t r a t i n g  the 
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Figure 36 (b ) .  Gap d i s t r ib u t io n s  for k = 0 and 400 GeV data.
V II .  DISCUSSION OF RESULTS
Thi s  c h a p t e r  c o n t a i n s  a d i s c u s s i o n  o f  t h e  r e s u l t s  p r e s e n t e d  i n  
C h a p t e r s  V and VI.  Whenever p o s s i b l e  compar i s ons  a r e  made w i t h  t h e  models  
p r e v i o u s l y  d e s c r i b e d  ( s e e  Ch ap t e r  I I )  and p r o t o n - p r o t o n  d a t a .  We w i l l  see  
how t h e  m u l t i p l i c i t y  d i s t r i b u t i o n  and f o r wa rd / ba ckwar d  c o r r e l a t i o n s  each  
p r o v i d e  i n f o r m a t i o n  on c l u s t e r  p r o d u c t i o n .  A d d i t i o n a l  s u p p o r t  f o r  c l u s t e r  
p r o d u c t i o n  has  been o b t a i n e d  th r ough  a Monte C a r l o  s i m u l a t i o n .  Thi s  
c h a p t e r  1s s u b d i v i d e d  i n t o  two s e c t i o n s .  F i r s t  t h e  a n a l y s i s  o f  s i n g l e  
p a r t i c l e  s p e c t r a ,  and s ec on d l y  t h e  t w o - p a r t i c l e  d i s t r i b u t i o n s .
I .  SINGLE PARTICLE SPECTRA
In C h a p t e r  V two f i t s  t o  t h e  e x pe r i m e n t a l  m u l t i p l i c i t y  d i s t r i b u t i o n  
were p r e s e n t e d .  I t  was found t h a t  an e x c e l l e n t  f i t  can be a c h i e v e d  
whenever  t h e  m u l t i p l i c i t i e s  a r e  e x p r e s s e d  in t e r ms  of  t h e  KNQ s c a l i n g  
v a r i a b l e ,  z .  The i d e a  o f  KNO s c a l i n g  i s  t o  look f o r  t he  o n s e t  of  new 
p h y s i c a l  p r o c e s s e s  by f i n d i n g  v a r i a b l e s  ( d i s t r i b u t i o n s )  which a r e  
i n d e p e n d e n t  o f  e n e r g y .  The f u n c t i o n  v ( z )  d e s c r i b e d  ou r  800 GeV 
m u l t i p l i c i t y  d i s t r i b u t i o n ,  a s  wel l  as  t h e  lower  e ne r gy  d i s t r i b u t i o n s .  
V i o l a t i o n s  Of t h i s  e n e r g y - s c a l i n g  b e h a v i o r  would imply t h e  o n s e t  o f  new 
p h y s i c a l  mechani sms .  S ince  t h e  d a t a  s c a l e ,  one can  i n f e r  t h a t  new 
phenomena a r e  no t  m a n i f e s t e d  by t h e  p a r t i c l e  m u l t i p l i c i t y  d i s t r i b u t i o n  in 
t h e  800 GeV d a t a .  I t  was a l s o  shown t h a t  a NBD co u l d  be f i t  t o  t h e  ns 
d i s t r i b u t i o n ,  and a model t h a t  a c c o u n t s  f o r  t h i s  NBD in  t e rms  of c l u s t e r  
p r o d u c t i o n  was d i s c u s s e d .  Based upon t h a t  model t h e  number o f  p a r t i c l e s
H I
p e r  c l u s t e r  i s  nc = 2 . 85  ± . 0 7 .  As d i s c u s s e d  by G i o v an n ln i  and Van 
Hove,  n »  k i m p l i e s  t h a t  c a s c a d i n g  i s  comparab le  t o  c l u s t e r  p r o d u c t i o n .  
T h i s  i s  born  ou t  by t h e  d a t a ,  which shows i n c r e a s e d  p a r t i c l e  p r o d u c t i o n  in 
t h e  backward h emi sp h e r e .
Tab le  I I I  p r e s e n t s  a b r i e f  sumnary of  t he  n o r m a l i z e d  m u l t i p l i c i t y  
v a l u e s ,  R, p r e d i c t e d  by d i f f e r e n t  mode l s .  In t h e  A d d i t i v e  Quark Model o f  
Davidenko and N i k o l a ev ,  t h e  R v a l u e s  d e c r e a s e  wi th  i n c r e a s i n g  e ne r g y  a t  
f i x e d  A beyond ' 1 5 0  GeV. This  i s  not  t r u e  o f  t h e  quark model o f  B i a l a s  
and Czyz.  The b e s t  f i t  t o  R seems t o  come from t h e  B i a l a s  and Czyz 
mode l .  In R ef e r e nc e  147] DeMarzo e t  a l .  show t h a t  t h e  B i a l a s  & Czyz model 
p r o v i d e s  t h e  b e s t  f i t  t o  R and D/n vs v in d a t a  on Ar ,  Xe, Ne a t  200 
GeV in t h e  c e n t r a l  p s e u d o r a p i d i t y  r e g i o n .  The 800 GeV d a t a  show t h e  same 
b e h a v i o r  as  t h e  200 GeV d a t a  in t h e  c e n t r a l  r e g i o n .
The p a r a m e t e r  R as  a f u n c t i o n  o f  u a l l o w s  us t o  examine one o f  t h e  
b a s i c  i d e a s  of  t h e  Coher en t  Tube Model.  According t o  t h i s  model  ( s e e  
C h a p t e r  I I )  t h e  no r ma l i z ed  m u l t i p l i c i t y  f o r  v c o l l i s i o n s  a t  e ne r g y  E 
s h o u l d  equa l  t h e  n o r ma l i z e d  m u l t i p l i c i t y  f o r  1 c o l l i s i o n  a t  e ne r g y  v E .  
From F i g u r e s  9 and 22 ,  i t  i s  s ee n  t h a t  R(\>=1,800GeV) « 1,
R ( v = 2 , 4 0 0 G e V )  « 1 . 8 ,  R ( v = 4 , 2 0 0 G e V )  c 2 . 2 5 .  That  t h e s e  numbers a r e  no t  a l l  
e q ua l  i n d i c a t e s  some problem w i t h  t h i s  t y p e  of  model .
I f  one were t o  l o o k ,  however ,  a t  t h e  r a t i o  of  0 / n s as  a f u n c t i o n  of  
ng a s  in F i g u r e  37,  agreement  would be f o u n d ,  w i t h i n  t h e  e x p e r i m e n t a l  
e r r o r s ,  w i t h  b o t h  t h e  A d d i t i v e  Quark Model o f  Davidenko and Ni ko laev  and 
t h e  e x t en d e d  Coher en t  Tube Model .
F i g u r e  38 combines  t he  model p s e u d o r a p i d i t y  d i s t r i b u t i o n s  and t h e  
e x p e r i m e n t a l  d a t a  a t  200 GeV s i n c e  no model p r e d i c t i o n s  a r e  a v a i l a b l e
T ab le  I I I .  Comparison o f  R va lues  i n  t h e o ry  and expe r im en ts  a t  800 GeV.
Model ^ p r e d i c t e d  ^e xp e r i me n t a l
Dual P a r t o n  ? . 0 0 |43> 1.75 ± .O3 I44
I d d i t i v e  Quark 
( B i a l a s  and Czyz)
A d d i t i v e  Quark 
(Davidenko and Nikolaev)
A 1.73^4 ^  1.75 + .03
1 . 7 0 )46] 1.75 ± .03
H 4
p r e s e n t l y  a t  800 GeV. The d a t a  i s  i n d i c a t e d  by t h e  h i s t o g r a m  ( 2 ) .  The 
c u r v e s  a r e :  (1)  A d d i t i v e  Quark Model o f  B i a l a s  and Czyz;  (3)  Dual P a r t o n  
Model ;  (4)  A d d i t i v e  Quark Model of  Davidenko and N i k o l a e v .  I t  i s  s een  
t h a t  t h e  Dual P a r t o n  Model (3)  o r  t h e  A d d i t i v e  Quark Model (1)  p r o v i d e  t h e  
b e t t e r  f i t ,  a l t h o u g h  none o f  them p r o v i d e  e x a c t  a g r e eme nt .  C l e a r l y  t h e  
A d d i t i v e  Quark Model o f  B i a l a s  and Czyz u n d e r e s t i m a t e s  t h e  d a t a ,  a f a c t  
which may i n d i c a t e  some c a s c a d i n g .  I t  i s  a l s o  c l e a r ,  however ,  t h a t  t he  
Davidenko and Niko laev  model l eads  t o  an o v e r e s t i m a t e  of  t h e  d i s t r i b u t i o n .
Each o f  t h e s e  models  can r ep ro du c e  most  o f  t h e  s i n g l e  p a r t i c l e  d a t a  
s a t i s f a c t o r i l y .  A c t u a l l y ,  t h e s e  f e a t u r e s  a lone  a r e  p r o b a b l y  not  
s u f f i c i e n t l y  s e n s i t i v e  t o  d i s t i n g u i s h  be tween t h e s e  v a r i o u s  mode l s .  One 
may hope t h e n  t h a t  t h e  t w o - p a r t i c l e  d i s t r i b u t i o n s  w i l l  p r o v i d e  a d d i t i o n a l  
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Figure 37. Ratio o f  d ispers ion  to  average w j l t l p l i c l t y  D/n vs 
nq compared to  the Additive  Quark Model ( s o l i d  f i n e )  
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. P seu d o ra p id i ty  d i s t r i b u t i o n s  fo r :  (1) A d d i t iv e  Quark 
Model o f  B ia la s  and Czyz; (2) a c tu a l  da ta ;  (3 )  Oual 
Parton Model o f  Capel la  and J .  Tran Thanh Van;
(4)  A d d i t iv e  Quark Model o f  Davidenko and N ik o la e v .  
All cu rves  are  at 200 GeV.
2.  TWO-PARTICLE DISTRIBUTIONS
The number of  p a r t i c l e s  produced  in t h e  f o r ward  and backward 
h e m i sp h e r e s  1s summarized in Table  IV, which shows t h a t  t h e  r e l a t i v e  
numbers  of  p a r t i c l e s  p roduced in t h e  two h e mi sp h e r e s  1s c o n s t a n t  f rom 67 
GeV up t o  800 GeV. I t  i s  e v i d e n t  t h a t  t h e  number o f  p a r t i c l e s  p r oduced  in 
each  h emi sp he r e  s c a l e s ,  i . e . ,  i s  a p p r o x i m a t e l y  c o n s t a n t  w i t h  e ne r g y  when 
d i v i d e d  by n$ . Thi s  I n d i c a t e s  t h a t  n^ and n^ depend on e n e r g y  i n  t he  
same way as  ns , i . e .  p r o p o r t i o n a l  t o  l n ( S )  as  was shown in Ch ap t e r  V.
P r e v i o u s l y  t he  LRC p a r a me t e r  was d e f i n e d  as  t h e  s l o p e  b o f  t he  
e q u a t i o n  c o n n e c t i n g  rig(np) t o  n p ( n B) ,  e . g .  n0 = bnp + a.  Th i s  p a r a m e t e r  b
has  been s t u d i e d  in  p r o t o n - p r o t o n  c o l l i s i o n s  a t  t h e  ISR and SPS^4^  in
[ 7 T 1 I 77 1p r o t o n - e m u l s i o n  d a t a 1 1 and i n  t h e  Dual P a r t o n  Model ’ . The o bs e r v e d
long r ange  c o r r e l a t i o n  i s  much h i g h e r  in p r o t o n - n u c l e u s  c o l l i s i o n s  t h a n  in
p r o t o n - p r o t o n  c o l l i s i o n s .  Thi s  i s  d e mo n s t r a t e d  in F i g u r e  39 where v a l u e s
of  b f o r  p r o t o n - p r o t o n  and p r o t o n - e m u l s i o n  c o l l i s i o n s  a r e  shown as a
f u n c t i o n  o f  t h e  c.m.  e n e r g y ,  / s .  Even a t  t h e  SPS e ne r g y  o f
/ s  = 540 GeV, b = 0 . 4  which i s  o n l y  one h a l f  o f  t h e  v a l u e  o b s e r v ed  in
p r o t o n - e m u l s i o n  d a t a  a t  much lower e n e r g i e s .
In t h e  c o n t e x t  o f  t h e  Dual P a r t o n  Model t h i s  long r a ng e  c o r r e l a t i o n
i n c r e a s e s  w i t h  ener gy  s i n c e  i t  depends  on t h e  d i s p e r s i o n  D which i s
i n c r e a s i n g  w i t h  ene r gy  ( s e e  Ch ap t e r  V).  In a d d i t i o n ,  t h e  model
p r e d i c t i o n s  a r e  t a r g e t  mass d e p en d en t .  For  example ,  t h i s  model p r e d i c t s
f o r  ^®Ca t h a t  b i n c r e a s e s  f rom 0 . 2 0  a t  400 GeV t o  b = 0 . 3 9  a t  1000 GeV.
S i m i l a r  b e h a v i o r  ho l ds  f o r  o t h e r  t a r g e t  n u c l e i ,  as  shown i n  Tab le  V. The
a u t h o r s  of t h i s  model c a l c u l a t e  t h e  long r ange  c o r r e l a t i o n  f o r  smal l  bu t
w i d e l y  s e p a r a t e d  n windows of  ± 1 u n i t  t o  e l i m i n a t e  t h e  e f f e c t s  o f  s h o r t
r a n g e  c o r r e l a t i o n s .  Th i s  i s  why t h e i r  v a l u e s  o f  b a r e  s m a l l e r  t h a n  t h e
8 8
v a l u e s  j u s t  quo t ed  f o r  our  d a t a .  I f  n windows a r a  s e l e c t e d  as  i n  t h e  DPM 
model  one o b t a i n s  b = 0.41 ± . 0 3 .  Th i s  v a l u e  i s  c o n s i s t e n t  w i t h  t h e  
mode l ,  as  s een  i n  Table  V.
8 ‘t
T a b l e  IV. Number o f  p a r t i c l e s  p roduced in f o r wa r d / b a c k w ar d  h e m i s p h e r e .
Energy nfi " p / nB nB^nS
67 GeV 5.31 ± 0 . 1 4  4 . 50  t  0 .09  0 . 8 5  ± 0 . 03  0 . 5 7  t  .02 0 . 4 8  t  .01
200 GeV 7 .19  t  0 . 21  6 .29  ± 0 . 1 0  0 . 87  ± 0 . 0 3  0 . 5 7  + .02 0 . 4 5  t  .01
800 GeV 10.79  ± 0 . 3 5  8 . 85  t  0 .29  0 . 82  ± 0 . 04  0 . 5 4  ± .03  0 . 4 4  ± .02
T ab l e  V. Long Range C o r r e l a t i o n  p a r a m e t e r  b,
Source 
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Figure 39. Long range c o rr e la t io n  parameter (b) vs center  of mass 
energy / s  : (o) proton-proton data; (a) proton-emulslon  
data.
9 ]
The Dual P a r t o n  Model f u r t h e r  assumes t h a t  t h e  p a r a m e t e r  b i s  r e l a t e d  
t o  t h e  number o f  p a r t i c l e s  i n  an e m i t t e d  c l u s t e r  by:
°FBb = (20)
^FFw i t h
2 ___  _ 2 —
°FB = nFnB “ nF nB and °FF = ncnF
where  = t h e  a v er ag e  number o f  p a r t i c l e s  p e r  c l u s t e r .  From ou r  d a t a  a
v a l u e  of  nc = 3 .09 t  1 . 6  i s  o b t a i n e d .  Thi s  i s  c o n s i s t e n t  w i t h  t h e  gap
d i s t r i b u t i o n  a n a l y s i s  shown above.
Some q u a l i t a t i v e  f e a t u r e s  o f  a r e  d i s c u s s e d  by Davidenko and
Ni ko l aev  i n  R ef e r e nc e  [38] i n  t h e  framework of  t h e  A d d i t i v e  Quark Model .  
They p r e d i c t  t h a t  t h e r e  i s  a c r i t i c a l  v a l u e  of  r a p i d i t y  y c below which R? 
f o r  p r o t o n - n u c l e u s  i n t e r a c t i o n s  i s  s m a l l e r  t h a n  Rp f o r  p r o t o n - p r o t o n  
I n t e r a c t i o n s .  Our v a l u e s  of R2 a r e  a lways  p o s i t i v e  and g r e a t e r  t h a n  t h e  
c o r r e s p o n d i n g  v a l u e s  f o r  p r o t o n - p r o t o n  d a t a ,  as  s een  i n  F ig u r e  40.  In 
c a l c u l a t i n g  vs ng one f i n d s  t h a t  R2  d e c r e a s e s  w i t h  l a r g e r  ng.  Thi s  i s  
1n ag reement  w i t h  both  t h e  Dual P a r t o n  Model and A d d i t i v e  Quark Model .  A 
p l o t  o f  R ^ ( r j = 3 . 72 , 02=3 . 72)  v e r s u s  ng,  shown i n  F i g u r e  41 ,  g i v e s  good 
ag r eemen t  w i t h  bo t h  t h e  A d d i t i v e  Quark Model and t h e  Coheren t  Tube Model ,  
where  n = 3 .72  1s t h e  p s e u d o r a p i d i t y  o f  t h e  p r o t o n - p r o t o n  c .m.  s ys t e m.
To sum up t he  r e s u l t s  so  f a r ,  i t  seems t h a t  ample e v i d e n c e  e x i s t s  f o r
s t a t i n g  t h a t  p a r t i c l e  p r o d u c t i o n  o c c u r s  in c l u s t e r s .  The m u l t i p l i c i t y  
d i s t r i b u t i o n ,  gap d i s t r i b u t i o n s ,  and f o r wa rd /b a ck war d  c o r r e l a t i o n s  a l l  
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Figure  40. Two-par t1cle c o r r e l a t i o n  f unc t ion  f o r
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Figure 41 . T w o-p ar t ic le  c o r r e l a t i o n  fu n c t io n  R? ( n , * 3 . 7 2 , n ?- 3 . 7 2 )  
vs n_ compared to  the A d d i t iv e  Quark Model (d o t te d  l i n e )  
and the  Coherent Tube Model ( s o l i d  l i n e ) .  The c en te r  o f  m s s  
pseudorapid ity  1s » 3 . 7 2 .
c l u s t e r .  The s i n g l e  p a r t i c l e  p r o p e r t i e s  a r e  b e s t  d e s c r i b e d  by t h e  quark 
mode l s .  The Coherent  Tube Model and t h e  A d d i t i v e  Quark Model both p r o v i d e  
a good f i t  t o  t he  D/ns r a t i o  and  ̂= 3 . 7 2 , ^ = 3 . 7 2 )  as  f u n c t i o n s  of
ng.  Thi s  i s  somewhat s u r p r i s i n g  s i n c e  t h e s e  models  employ very  d i f f e r e n t  
a s s ump t i on s .
To f a c i l i t a t e  t he  a n a l y s i s  from t he  p o i n t  o f  view of  c l u s t e r  
p r o d u c t i o n ,  two Monte Car lo  s i m u l a t i o n s  of  our  e xpe r imen t  were made. 
Appendix 1 c o n t a i n s  a g e ne r a l  d e s c r i p t i o n  of what  a Monte Car lo  s i m u l a t i o n  
i s ,  as wel l  as t h e  s p e c i f i c s  of  t he  s i m u l a t i o n s  done h e r e .  One of t h e s e  
s i m u l a t i o n s ,  r e f e r e d  t o  as MCI, assumed a l l  p a r t i c l e s  a r e  e m i t t e d  
i n d e p en d en t l y  of  each  o t h e r .  The o t h e r  s i m u l a t i o n ,  MC2, assumed t h a t  t he  
p a r t i c l e s  a r e  e m i t t e d  in c l u s t e r s  wi th  t he  aver age  number of  p a r t i c l e s  p e r  
c l u s t e r ,  nc , an a d j u s t a b l e  p a r am e t e r .  With t h e s e  s i m u l a t i o n s  one can 
examine t h e  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n ,  Rp, and t he  gap 
d i s t r i b u t i o n s .
To v e r i f y  t h a t  t he  Monte Car lo  program i s  working c o r r e c t l y  t he  
s i n g l e  p a r t i c l e  m u l t i p l i c i t y  d i s t r i b u t i o n s  and d i s p e r s i o n  f o r  our  Monte 
C ar l o  g e n e r a t e d  e v e n t s  a r e  compared t o  t he  800 GeV d a t a .  The r e s u l t s  of 
t h e  s i m u l a t i o n  n $ = 19.85 ± 0 .29 and D = 12.15 t  .20 a r e  in agreement  
wi t h  t h e  a c t u a l  d a t a  {see Table  I I ) .  I t  was found t h a t  t h e  e xp e r imen ta l  
d i s t r i b u t i o n s  could  be r eproduced  wi th  a pp r ox i ma t e l y  1500 s i m u la t ed  
e v e n t s .  In v a r i o u s  r u n s ,  up t o  3000 e v e n t s  were used bu t  t h e  r e s u l t s  
changed l e s s  t ha n  116 from what we o b t a i n ed  a f t e r  1500 e v e n t s .  The Monte 
Ca r l o  r e s u l t s  f o r  R2 a r e  shown in  F igure  42 f o r  t h r e e  c a s e s :  (1) u s i ng  a 
P o i s s o n  m u l t i p l i c i t y  d i s t r i b u t i o n  and assuming independen t  e m i s s i o n ;  (2) 
u s i n g  t h e  e xpe r imen t a l  m u l t i p l i c i t y  d i s t r i b u t i o n  wi t h  i ndependen t
e m i s s i o n ;  (3)  u s i n g  t h e  e x pe r i m e n t a l  m u l t i p l i c i t y  d i s t r i b u t i o n  and 
assuming  c l u s t e r  e m i s s i o n .  The r e s u l t s  I n d i c a t e  no c o r r e l a t i o n s  f o r  c a s e  
( 1 ) ,  i . e . ,  R2 = 0 . 0 .  In c a s e  ( 2 ) ,  a c o n s t a n t  p o s i t i v e  c o r r e l a t i o n  I s  
f o u n d ,  w h i l e  In c a s e  (3)  a v a r y i n g  p o s i t i v e  c o r r e l t l o n  I s  I n d i c a t e d .  The 
r e s u l t s  o f  two c l u s t e r  c a l c u l a t i o n s  a r e  compared t o  t h e  a c t u a l  d a t a  1n 
F i g u r e  43.  Agreement  w i t h  t h e  d a t a  f o r  a c l u s t e r  s i z e  o f  3 .5  p a r t i c l e s  i s
r e a s o n a b l y  good 1n t h e  fo rward  r e g i o n  ( n j -  n^) > 0 ,  bu t  t h e  c a l c u l a t i o n
f a l l s  be low t h e  d a t a  1n t h e  backward h emi s phe r e  (n^ - n^) < 0 .  The 
o t h e r  c u r v e  i n d i c a t e s  t h e  t r e n d  f o r  l a r g e r  s i z e  c l u s t e r s  - t h e  peak v a l u e  
I n c r e a s e s  and t h e  shape  of  t h e  f u n c t i o n  n a r r o ws .  A 3 - 5 p a r t i c l e  c l u s t e r
p r o v i d e s  a r e a s o n a b l e  f i t  t o  t h e  d a t a .  The f a c t  t h a t  t h e  s i m u l a t i o n  i s
low i n  t h e  most  backward r e g i o n  may i n d i c a t e  t h a t  t h e  c o r r e l a t i o n s  
o b s e r v e d  i n  t h e  backward hemisphere  a r e  between c l u s t e r s .
F i g u r e s  44 and 45 compare t h e  d a t a ,  r e s p e c t i v e l y ,  w i t h  Monte C a r l o  
c a l c u l a t i o n s  o f  t h e  k = 0 and 10 gap d i s t r i b u t i o n  f o r  a c l u s t e r  s i z e  
of  n£ = 3 . 5 .  In b o t h  c a s e s  t h e  agreement  Is  s a t i s f a c t o r y .  F i g u r e  46 
d e m o n s t r a t e s ,  however ,  t h e  i n s e n s i t i v i t y  o f  t h e  c l u s t e r  s i m u l a t i o n  t o  t h e  
a v e r a g e  number o f  p a r t i c l e s  p e r  c l u s t e r  f nc ) .  Shown a r e  t h e  k = 0 
s i m u l a t e d  d i s t r i b u t i o n s  f o r  Ty = 3 . 5  and 8 . 5 .  The o b s e r v e d  t e n d e n c y  i s  
towar d  s l i g h t l y  l a r g e r  s l o p e s ,  a s  e x p e c t e d ,  bu t  e i t h e r  v a l ue  o f  nc i s  
c o n s i s t e n t  w i t h  t h e  d a t a .  As d i s c o v e r e d  by o t h e r  a u t h o r s ,  a s i m p l e  
c l u s t e r  s i m u l a t i o n  I s  no t  s e n s i t i v e  enough t o  nc t o  a l l o w  one t o  d e t e r m i n e  
u n e q u i v o c a l l y  t h e  c l u s t e r  s i z e .
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Figure 42. Monte Carlo c a lcu la t io n s  of R?{ n . , n ?) using:
(a) ( • )  Polsson n, d i s tr ib u t io n ;  (b) (a) actual  
experimental n. d i s tr ib u t io n ;  (c) ( I )  c l u s t e r  production  
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Figure  43. Two-par t1cle c o r r e l a t i o n  func t i on  R ^ r w . r u )  da t a  and 
two c l u s t e r  c a l c u l a t i o n s :  (a) ( a) 3.5 p a r t i c l e s  per  
c l u s t e r ;  (b) (°)  8 . 5  p a r t i c l e s  per  c l u s t e r ;  (c)  (0) 800 








.4 .8 1.2 1.6 2.0 2.4
Gap Length(r)
Figure 44. Monte Carlo cluster calculation of k - 0 gap
distribution: 3.5 particles per cluster (•) , compared 
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Figure 45. Monte Carlo c l u s t e r  c a l c u l a t i o n  of k ■ 10 gap
d i s t r i b u t i o n :  3 .5  p a r t i c l e s  per c l u s t e r  ( ° )  , compared 
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Figure 46. Gap d i s t r ib u t i on  for k = 0: ( • )  nc = 3 .5 ;  (a) nc = 8 . 5 .
V I I I .  SUWARY AND CONCLUSIONS
The emerg ing  p i c t u r e  of  h igh  ene r gy  p r o t o n - n u c l e u s  i n t e r a c t i o n s  
i n d i c a t e s  t h a t  t h e  d a t a  a r e  c o n s i s t e n t  w i t h  models  u s i n g  a s u p e r p o s i t i o n  of  
p r o t o n - p r o t o n  i n t e r a c t i o n s  and w i t h  a quark  c o l l e c t i v e  p r o d u c t i o n  model .  
D e s c r i p t i o n s  o f  t h e s e  models were  p r e s e n t e d  in Ch ap t e r  I I .  I t  was shown 
how t h e  n o rm a l i z e d  m u l t i p l i c i t y  f o r  each model depends  on a tomic  mass A and 
how t h e y  d i f f e r  in t h e i r  p r e d i c t i o n s  of  t he  p s e u d o r a p i d i t y  d i s t r i b u t i o n s .  
The l ack  o f  c a s c a d i n g  i mp l i ed  by t he  d a t a  was i d e n t i f i e d  as  a major  
weakness  o f  t h e  s i mp l e  Cascade Model ,  w h i l e ,  t he  problem of  ma tch ing  t he  
quantum numbers o f  t h e  c o l l e c t i v e l y  p a r t i c i p a t i n g  n uc l eo ns  w i t h  a s i n g l e  
n u c l e o n  was p o i n t e d  o u t  as  a d i f f i c u l t y  in i r t e r p r e t a t i n g  d a t a  w i t h  t h e  
C o l l e c t i v e  Model .
A d e s c r i p t i o n  o f  t h e  s i n g l e  p a r t i c l e  d a t a  in p r o t o n - n u c l e u s  
i n t e r a c t i o n s  was p r e s e n t e d  in  Chap t e r  V. The m u l t i p l i c i t y  d i s t r i b u t i o n s  of  
h e a v i l y  i o n i z i n g  p a r t i c l e s  were seen t o  be equa l  t o  t h o s e  o b t a i n e d  a t  lower 
e n e r g i e s .  A smal l  d e v i a t i o n  from l i n e a r i t y  was o b s e r v e d  in n^ vs  In s ,  t he
o n s e t  of  which had been e x p e c t e d  from cosmic r a y  d a t a J ^  I t  was s e e n
t h a t  vs v i n c r e a s e s  s l i g h t l y  f a s t e r  t han  l i n e a r l y ,  in  c o n t r a s t  t o
s t r i c t  s u p e r p o s i t i o n  models  such as  t he  Dual P a r t o n  Model.
The mean and d i s p e r s i o n  o f  t h e  m u l t i p l i c i t y  d i s t r i b u t i o n  have been 
r e l a t e d  t o  t h e  i n t e g r a t e d  two p a r t i c l e  c o r r e l a t i o n  f u n c t i o n ,  f ^ ,  and i t s  
p o s i t i v e  v a l u e  i n d i c a t e s  c o r r e l a t e d  p a r t i c l e  p r o d u c t i o n .  For t h e  
m u l t i p l i c i t y  d i s t r u b t i o n ,  ns , i t  was shown t h a t  a deq u a t e  f i t s  can be 
o b t a i n e d  u s i n g  e i t h e r  t h e  KNO s c a l i n g  v a r i a b l e  o r  a Neg a t i v e  Binomial  
D i s t r i b u t i o n .  Th i s  i n d i c a t e s  p o s i t i v e  c o r r e l a t i o n s  among t h e  produced
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p a r t i c l e s ,  which i s  c o n s i s t e n t  w i t h  a c l u s t e r  p r o d u c t i o n  mechanism and 
c a s c a d i n g .  The c o r r e l a t i o n  f u n c t i o n  R^, was d e t e r m i n e d  t o  be p o s i t i v e  
e x c e p t  i n  t h e  most  fo r ward  p s e u d o r a p i d i t y  r e g i o n  where k i n e m a t i c a l  e f f e c t s  
p r e d o m i n a t e ,  and f u r t h e r ,  R<> i s  c o n s i s t e n t  wi t h  lower  e ne r g y  d a t a .
P o s i t i v e  long range  c o r r e l a t i o n s  were shown t o  e x i s t  among t h e  
p a r t i c l e s  produced i n  t h e  forward  and backward d i r e c t i o n .  These 
c o r r e l a t i o n s  e x t e n d  ou t  t o  3 u n i t s  of  p s e u d o r a p i d i t y .  The long range  
c o r r e l a t i o n  s l o p e  of  0 . 8 6  and t he  a p p r o x i ma t e l y  c o n s t a n t  v a l ue  of  
i n  t h e  backward hemisphere  a r e  e v i d en c e  of  long r ange  
c o r r e l a t i o n s  i n  t h e  d a t a .  These v a l u e s  a r e  much h i g h e r  t h a n  in p r o t o n -  
p r o t o n  c o l l i s i o n s  a t  t h e  same c.m.  energy  ( / s  = 39 GeV). T h e r e f o r e ,  they  
must  be r e l a t e d  to  t h e  m u l t i p l e  s c a t t e r i n g  of  t h e  p r o j e c t i l e  in t h e  
t a r g e t .  Tha t  R^ has t h e  same v a l ue  a t  200 and 400 GeV, where u is  t h e  
same,  a l s o  g i v e s  c r e d e n c e  to  t h i s  c o n c l u s i o n .
Based upon t he  long range  c o r r e l a t i o n s ,  and u s i n g  t he  Dual P a r t o n  
Model p r e d i c t i o n s ,  we f i n d  an a v er ag e  c l u s t e r  m u l t i p l i c i t y  of  3.1 
p a r t i c l e s .  Th i s  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  by a n a l y z i n g  t h e  
p s e u d o r a p i d i t y  gap d i s t r i b u t i o n s  f o r  our  d a t a .  These d i s t r i b u t i o n s  f o r  k  ̂
0 ,  1,  2 ,  3,  4,  5 ,  and 10 a r e  a l l  s a t i s f a c t o r i l y  d e s c r i b e d  i f  we assume a 
c l u s t e r  d e n s i t y  of  p = 1.2 and an ave r age  c l u s t e r  s i z e  of ~ 2 . 8  c h a r g ed  
p a r t i c l e s .  The d a t a  do not  r u l e  out  a v a l ue  of  p = 1, however ,  c o n s i s t e n c y  
w i t h  t h e  r e s u l t s  of  t h e  Nega t ive  Binomial  D i s t r i b u t i o n  a n a l y s i s  
imply p = 1 . 2 .  Based u p o n  t he  k = 0 d i s t r i b u t i o n  t h e  c l u s t e r  r ange  i s  *■
1.5  u n i t s  of ii.
With a p p r o x i m a t e l y  3 p a r t i c l e s  per  c l u s t e r  i t  may be c o nc lu d e d  t h a t  
t h e  number o f  c l u s t e r s  p e r  e ve n t  must  be about  s i x  f o r  ou r  800 GeV d a t a .  
Whi le  we can n o t  d e t e r m i n e  t he  exact  p e r c e n t a g e  i t  i s  c l e a r l y  not  n e c e s s a r y
t h a t  a l l  p a r t i c l e s  be produced in c l u s t e r s .  I f one assumes  t h a t  t h e  
minimum number o f  c l u s t e r  e q u a l s  ( v  + 1) ( i . e . ,  t h e  number o f  c l u s t e r s  i
a t  l e a s t  equa l  t o  t h e  number o f  i n t e r a c t i n g  n u c l e o n s ) ,  t h e n  t h e  c o n c l u s i o n
i s  t h a t  on a v e r ag e  4 c l u s t e r s  a r e  produced per  e v e n t .
An 3% enhancement  i n  p a i r  p r o d u c t i o n  over  a un i f o r m p a i r  background 
was found.  Thi s  i s  l e s s  t ha n  what i s  seen in n u c l e u s - n u c l e u s  c o l l i s i o n s  
where e x c e s s e s  o f  up t o  \0% have been r e p o r t e d .
Because  t h i s  d a t a  i s  very new and i n v o l v e s  a c ompos i t e  m a t e r i a l ,
e m u l s i o n s ,  we have been a b l e  t o  compare t he  r e s u l t s  wi th  on ly  a few 
t h e o r e t i c a l  p r e d i c t i o n s .  I t  i s  hoped t h a t  t h e o r i s t  w i l l  soon p r o v i d e  both  
a d d i t i o n a l  and more p r e c i s e  c o m pu t a t i o n s .  S p e c i f i c a l l y ,  i t  would be u s e f u  
t o  have p r e d i c t i o n s  a t  800 GeV of  t he  two p a r t i c l e  c o r r e l a t i o n  f u n c t i o n  
from t h e  Dual P a r t o n  Model ,  and of  t he  f o r wa rd / ba ck war d  c o r r e l a t i o n s  from 
t h e  A d d i t i v e  Quark Model .  Thi s  exper imen t  has a l l o wed  us to s t u d y  hadron-  
n u c l e u s  c o l l i s i o n s  in a s y s t e m a t i c  way and wi t h  high s t a t i s t i c s .  Such 
i n f o r m a t i o n  can be used  f o r  r e f i n e m e n t  o f  e x i s t i n g  t h e o r i e s ,  t o  c o n f i r m  
r e s u l t s  s een  in cosmic r ay  d a t a ,  and as  a b a s i s  f o r  s t u d y i n g  n u c l e u s -  
n u c l e u s  i n t e r a c t  i o n s .
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APPENDIX 1
Here I p r o v i d e  a comple t e  d e s c r i p t i o n  o f  p s e u d o r a p i d i t y .  Imagine  
two c o o r d i n a t e  sys t ems  (unpr imed and pr imed)  moving in t h e  2 ( 2 ' )
d i r e c t i o n  w i t h  a r e l a t i v e  v e l o c i t y  e w i t h  r e s p e c t  t o  one a n o t h e r .  The
c o o r d i n a t e s  of  a p o i n t  i n  t h e  pr imed s ys t em a re  g i v e n  by
t
*0 = t ( *0 - ex, )
t
x,  = y ( x , - ex0)
when ( x 0 , x , , x 2 , x 3) a r e  t h e  c o o r d i n a t e s  o f  t h e  same p o i n t  i n  t h e  unpr imed 
s y s t e m.  In t h e s e  e q u a t i o n s ,  x 0 = c t  and y = (1 - 6 ) .  I f  we d e f i n e  
t h e  r a p i d i t y  y by b  = t anh{y)  t h e n  y = c o s h ( y )  and t h e  t r a n s f o r m a t i o n  
e q u a t i o n s  become
1
x0 = x 0c o s h ( y )  - x , s i n h ( y )
1
X ,  = - x 0s i nh ( y )  + x 0c os h ( y )
One can  s e e  t h a t  t h e s e  e q u a t i o n s  e x p r e s s  t h e  pr imed c o o r d i n a t e s  as  a 
r o t a t i o n  t h r o u g h  t h e  a n g l e  y o f  t h e  unpr imed c o o r d i n a t e s .  I t  t h e n  
f o l l o w s  t h a t  t h e  sum o f  two s u c c e s s i v e  Lor en tz  t r a n s f o r m a t i o n s  w i l l  be 
t h e  sum of  two r o t a t i o n s ,  i . e . ,  r a p i d i t y  w i l l  be a d d i t i v e  in p a s s i n g  
f rom one r e f e r e n c e  f rame t o  a n o t h e r .  Thus,  t he  r a p i d i t y  i s  a c o n v e n i e n t  
p a r a m e t e r  f o r  use  in e x p r e s s i n g  Lor en t z  t r a n s f o r m a t i o n s  between
I Oh
H > ( )
c o o r d i n a t e  s y s t e m s .  Because  o f  t h e  p r o p e r t i e s  o f  h y p e r b o l i c  f u n c t i o n s ,  
one can  e x p r e s s  e ne r gy  and momentum in t e r ms  o f
r a p i d i t y ,  p = m^s inh ( y )  and E = mt c o s h ( y ) ,  where t h e  t r a n s v e r s e  mass
2 2 7 _  I
1s d e f i n e d  as  m̂  = m + p̂ . . Thi s  i m p l i e s  y = t a nh y  (p / E ) .  Using an 
i d e n t i t y  be tween  i n v e r s e  h y p e r b o l i c  t a n g e n t  and n a t u r a l  l o g a r i t h m ,  i t  i s  
a l s o  p o s s i b l e  t o  w r i t e
In t h e  l i m i t  when m << p t  , and n o t i n g  t h a t  t a n e  = ( Pt /P  )* one can 
d e r i v e  t h e  f o l l o w i n g  a p p r o x i m a t i o n  f o r  t h e  r a p i d i t y
i _ / ( l  + s eco )  \y = Inf-1—z-----------------}J v t an e  1
i / s i n o  » 
y = n ^( l  + cos'e")'^
o r ,  f i n a l l y ,
y ft - l n [ t a n ( e / 2 ) ].
In t h e  l a s t  s t e p ,  an i d e n t i t y  f o r  t he  t a n g e n t  o f  a h a l f  a n g l e  has  been 
u s e d .  T h i s  e x p r e s s i o n  i s  r e f e r r e d  t o  as  t h e  p s e u d o r a p i d i t y ,  and i s  
d e n o t e d  by n.  The p s e u d o r a p i d i t y  r a n ge s  from + =•, f o r  p a r t i c l e s  which 
a r e  e m i t t e d  a l on g  t h e  d i r e c t i o n  of  t he  i n c i d e n t  p r o j e c t i l e ,  i . e .  w i t h  
a 0° e m i s s i o n  a n g l e ,  t o  - <*< f o r  p a r t i c l e s  e m i t t e d  a t  180° t o  t h e  
d i r e c t i o n  of  t h e  i n c i d e n t  p r o j e c t i l e .  N o t i c e  t h a t  p a r t i c l e s  e m i t t e d  in  
t h e  c e n t e r  o f  mass sys t em a t  90° wi th  r e s p e c t  t o  t h e  d i r e c t i o n  of  t he  
i n c i d e n t  p a r t i c l e  w i l l  have a p s e u d o r a p i d i t y  of  0 .  From t h e  d e f i n i t i o n  
o f  r a p i d i t y ,  y = t a n h ” ( e ) ,  i t  1s obv i ous  t h a t  h i g h  momentum p a r t i c l e s  
w i l l  have l a r g e  r a p i d i t y  (o r  p s e u d o r a p i d i t y ) ,  w h i l e  s l ower  p a r t i c l e s
1 1 0
w i l l  have r a p i d i t i e s  n e a r  zero  ( i n  t he  c e n t e r  of  mass s y s t e m ) .
F i g u r e  47 p r o v i d e s  a s ch ema t i c  i l l u s t r a t i o n  o f  t h e  c e n t e r  o f  mass 
p s e u d o r a p i d i t y  d i s t r i b u t i o n ,  and of  t h e  t e r mi n o l o g y  used t o  i d e n t i f y  t h e  
v a r i o u s  r e g i o n s  of  p s e u d o r a p i d i t y .  P a r t i c l e s  having  l a r g e  p o s i t i v e  
v a l u e s  o f  p s e u d o r a p i d i t y ,  v a l u es  ne a r  t h a t  o f  t h e  p r o j e c t i l e ,  a r e  s a i d  
t o  be in t h e  p r o j e c t i l e  f r a g m e n t a t i o n  r e g i o n .  The backward ly  produced  
p a r t i c l e s ,  which a r e  most  l i k e l y  t o  be i n f l u e n c e d  by t he  t a r g e t  n u c l e u s ,  
have l a r g e  n e g a t i v e  p s e u d o r a p i d i t i e s  and a r e  s a i d  t o  be l ong  t o  t h e  
t a r g e t  f r a g m e n t a t i o n  r e g i o n .  The c e n t r a l  r e g i o n  i s  s imply  r e f e r r e d  t o  
as  t h e  p i o n i z a t i o n  r e g i o n  becaus e  t h i s  i s  where most  o f  t h e  o b s e r v e d  
p i o n s  a r e  p r od uc ed .
P i o n i z a t i o n  r e g io n
4 -
Vi
P rojec t i le  
F r a g m e n ta t io n  .
Regron
T a r g e t /
F ragm en ta t ion
R egion
2 3- 3 - 2 0 11
7?
F i g u r e  47.  Schemat ic  i l l u s t r a t i o n  of  t h e  c e n t e r  o f  mass p s e u d o r a p i d i t y  
d i s t r i b u t i o n  showing t h e  p r o j e c t i l e  f r a g m e n t a t i o n  r e g i o n  a t  
l a r g e  p o s i t i v e  n, t h e  t a r g e t  f r a g m e n t a t i o n  r e g i o n  a t  l a r g e  
n e g a t i v e  n, and t h e  c e n t r a l  p i o n i z a t i o n  r e g i o n .
APPENDIX 2
RAPIDITY GAP DISTRIBUTIONS 
- pn r
(1)  D e r i v a t i o n  of  P ( r )  « e c : where ,
P ( r )  = p r o b a b i l i t y  of  f i n d i n g  gap r  between two p a r t i c l e s ;  p = 
c l u s t e r  d e n s i t y ;  nc = number of  p a r t i c l e s  pe r  c l u s t e r .
I f  we assume independent  c l u s t e r  p r o d u c t i o n ,  t he n  in an e ven t  where 
t h e  a v a i l a b l e  r a p i d i t y  space  i s  Y, t he  p r o b a b i l i t y  f o r  a c l u s t e r  t o  f a l l  
1n some range  r c i s  j u s t  r c /Y. In an N - c l u s t e r  e v e n t ,  t h e  p r o b a b i l i t y
|J
t h a t  no c l u s t e r s  f a l l  i n s i d e  r,. i s  (1 - r^ /Y)  . Assuming t h e
V  Nm u l t i p l i c i t y  d i s t r i b u t i o n  of  c l u s t e r s  i s  e ( P o i s s o n ) ,  t h e  t o t a l  
p r o b a b i l i t y  is
Hz e " R {£ (1 - y C) N = e " R eR(1 '  YC) or  P ( r c ) * e . But *  i s
- p r
j u s t  t h e  d e n s i t y  o f  c l u s t e r s ,  p,  so P( r c ) = e . However,  t h i s  gap
d i s t r i b u t i o n  between c l u s t e r s  i s  not  what  we can measure
e x p e r i m e n t a l l y .  What we can measure i s  t h e  gap d i s t r i b u t i o n  between
p a r t i c l e s ,  P ( r ) .  I f  r ,  t h e  gap between p a r t i c l e s  i s  l a r g e ,  t he n  wide ly
spaced  p a r t i c l e s  be long t o  d i f f e r e n t  c l u s t e r s  and r £ « r .  Then
P ( r )  » e -0  r . I f  r  i s  s m a l l ,  then t h e  p r o b a b i l i t y  t h a t  nc p a r t i c l e s
f a l l  i n s i d e  a gap r c i s  j u s t  nc r .  Then,  fo l l owi n g  t h rough  wi t h  the  same
few s t e p s  as above ,  we a r r i v e  a t  the  gap d i s t r i b u t i o n  between p a r t i c l e s ,
-pn r
e m i t t e d  in c l u s t e r s  of  s i z e  nc , as P ( r )  = e . The e x ac t  d e r i v a t i o n
1 \ 2
of  t h i s  f o l l o w s  from t h e  comple t e  e q u a t i o n s  g i v e n  in s e c t i o n  (2)  be low.
(2)  Show t h a t  i f  we have a "gap" wi t h  k p a r t i c l e s  i n  i t ,  t h e  peak o f
t h e  p r o b a b i l i t y  d i s t r i b u t i o n  i s  g i v e n  by ( a p p r o x i m a t e l y ) :
k
r max '  pnc + (2k - l ) / 2 k
Assume p a r t i c l e s  in a c l u s t e r  a r e  produced w i t h  some d i s t r i b u t i o n  
D(y-y)  c e n t e r e d  a t  y . Then t h e  p r o b a b i l i t y  f o r  a p a r t i c l e  t o  occupy
ry 2t h e  space  r  = y ? - yi  w i l l  be q = C J D(y , y )  dy ,  w i t h
y l
D (y , y )  = D(y - y)  assumed t o  be a G a u s s i a n .  The p r o b a b i l i t y  t h a t  in
nr
an nc p a r t i c l e  c l u s t e r  no p a r t i c l e s  f a l l  in r  w i l l  be :  ( 1 - q ) . Now we
can I n t e g r a t e  over  t h e  c l u s t e r  c e n t e r  p o s i t i o n ,  y and m u l t i p l y  t h r o u g h  
by gn . t h e  p r o b a b i l i t y  o f  a c l u s t e r  hav ing  nc p a r t i c l e s .  We g e t  t he  
p r o b a b i l i t y  t h a t  p a r t i c l e s  e m i t t e d  from a s i n g l e  c l u s t e r  do n o t  f a l l  
I n t o  t h e  r e g i o n  r :
+Y/2 n -
ft '  I 1" "  - 1 *  ■nc nc -Y/2
When many c l u s t e r s  a r e  p roduced  we must  sum ove r  t h e  c l u s t e r  
m u l t i p l i c i t y  d i s t r i b u t i o n ,  assumed t o  be P o i s s o n i a n :
N N N 1 +Y/2 "c  - N
J' " -? % \  dy 1 •
But N/Y i s  j u s t  t h e  c l u s t e r  d e n s i t y ,  p ,  so  t h a t  t h i s  sum y i e l d s :
The p r o b a b i l i t y  f o r  f i n d i n g  a p a r t i c l e  a t  w i l l  be g i v e n  by:
- U - q )  C= nc [ 1-qI  C D f y p  y ) .
And t h e  gap d i s t r i b u t i o n  P0 ( r )  f o r  a gap between two p a r t i c l e s ,  one a t  
y^ t h e  o t h e r  a t  yp i s :
M r )  - - h  h  G ( r )  • 2 G ( r ) -0 3y l ay2 dr
We can  r e  e x p r e s s  t h i s  as  a g e n e r a t i n g  f u n c t i o n  by r e p l a c i n g  ( - 1 )  in 
f r o n t  o f  q by a and d i f f e r e n t i a t i n g  k t i me s  wi t h  a t o  f i n d  t h e  gap 
d i s t r i b u t i o n  when k p a r t i c l e s  l i e  in t h e  gap .  You can s ee  t h i s  i s  so by 
l o o k i n g  a t  t h e  s i m p l i f i e d  case  as  in s e c t i o n  (1)  where you may put  f o r
( i  - j ) n -  ( i  + p^)"-
d (1 + i T ) "  .  (1 + |
dc y v y y e - - 1
which i s  t h e  same p r o b a b i l i t y  as  f o r  f i n d i n g  ( k = 1) 1 p a r t i c l e  i n  t he  
gap r , ( ^ ) ,  and ( n - 1) o u t s i d e  t h e  gap r ,  (1 - y ) n * , a p a r t  f rom a 
c o n s t a n t .
1 1 r)
2
( t h e  1 / a  a c c o u n t s  f o r  t he  boundary p a r t i c l e s  t h a t  a r e  no t  c o un t e d  i n  
t h e  number k ) .
+Y J2 n
Let  us examine G(r )  = exp{ p /  ( 11 + a q ] - 1 )dy }. When r  i s
-Y/2
s m a l l ,  we n o t e  t h a t  q i s  smal l  which a l l o w s  us t o  expand as
n c
f o l l o w s :  (1 + aq)  = 1 + anc q . We can now do t h e  i n t e g r a l  o v e r  
dy f i r s t  ( b e f o r e  t h e  I n t e g r a l  i n  q ) ,  and t a k i n g  t h e  o u t e r  l i m i t s  t o  
e x t e n d  t o  ± Th i s  i s  j u s t  a Ga us s i a n  i n t e g r a l  which y i e l d s  t h e  v a l u e  
1. Thus
G (r )  = exp (pnc ao Ir dy ) = e xp ( p n c a r ) |  , = _j
I t  i s  now s t r a i g h t f o r w a r d  to  c a l c u l a t e  Pk ( r )  from t h e  f o r mul a  above.
pn_ . -pn r
Pk ( 0  = <pnc r )  e
We t h e n  f i n d  t h e  maximum o f  t h i s  d i s t r i b u t i i o n  by t a k i n g  t h e  d e r i v a t i v e  
w i t h  r e s p e c t  t o  r  and s e t t i n g  t h a t  equa l  t o  z e r o .
1 - P nr r  t. -pn r
| k ( p n c r )  Dnc e - (pnc r )  pnc e ) = 0.
Th i s  y i e l d s :  r  = k /pn  . Because  o f  t h e  boundary p a r t i c l e s ,  a smal l  
TTloi X c
c o r r e c t i o n  i s  made t o  t h i s  f o r m u l a ,  g i v i n g  t he  r e s u l t  we have used in  
t h e  t e x t :
I l f )
r max<k) = Pnc + ( 2 k - l ) / 2 k *
The e f f e c t  of  t h i s  c o r r e c t i o n  i s  to  reduce the m u l t i p l i c i t y  o f  the  
c l u s t e r .
APPENDIX 3
MONTE CARLO SIMULATION 
Monte C a r l o  t e c h n i q u e s  a r e  be ing  used more and more i n  p h y s i c s  in 
s t u d y i n g  p rob l ems  where a n a l y t i c  t r e a t m e n t  i s  d i f f i c u l t ,  o r  p e rh a ps  
i m p o s s i b l e ;  in c o n j u n c t i o n  w i t h  o t h e r  a n a l y t i c  t e c h n i q u e s ;  and in  t he  
c a l i b r a t i o n  of  complex ,  m u l t i d e t e c t o r  s ys t ems .  The Monte C a r l o  method 
o p e r a t e s  i n  t h e  f o l l o w i n g  manner .  Co ns i de r  t he  outcome o f  a p rob lem t o  
be a number f o r  which one assumes some t y p e  of d i s t r i b u t i o n .  A Monte 
C a r l o  c a l c u l a t i o n  d e t e r m i n e s  t h e  s o l u t i o n  t o  t he  prob!em by u s i n g  random 
numbers  t o  g e n e r a t e  a sample d i s t r i b u t i o n .  From t h i s  s amp l e ,  
s t a t i s t i c a l  e s t i m a t e s  of  t he  s o l u t i o n  may be o b t a i n e d .  One may r e p e a t  
t h i s  p r o c e s s ,  g e n e r a t i n g  many d i f f e r e n t  sample p o p u l a t i o n s ,  and so 
o b t a i n  e s t i m a t e s  o f  t h e  v a r i a n c e  of  t h e  s o l u t i o n  as  w e l l .  In t h i s  
e x p e r i m e n t  a Monte Ca r l o  method i s  used t o  g e n e r a t e  random p r o t o n -  
n u c l e u s  c o l l i s i o n s .  The c o r r e l a t i o n s  measured i n  t h e s e  random e v e n t s  
a r e  compared t o  t he  c o r r e l a t i o n s  seen  in t h e  a c t u a l  d a t a .  Two Monte 
C a r l o  s i m u l a t i o n s  a r e  d e s c r i b e d  in t h e  f o l l o w i n g  p a r a g r a p h s .  The f i r s t  
on e ,  r e f e r r e d  t o  as  MCI, assumes an i nde pen d e n t  e m i s s i o n  of  s e c on d a ry  
p a r t i c l e s ;  t h e  s econd ,  c a l l e d  MC2, assumes s ec on d a ry  p a r t i c l e  e m i s s i o n  
1n c l u s t e r s .
MCI: Thi s  s i m u l a t i o n  i s  s t r a i g h t  fo rward  in i t s  a p p r o a c h ,  and has  two
s e p a r a t e  p a r t s .  As i n p u t  t o  t h e  f i r s t  p a r t ,  t he  e x p e r i m e n t a l l y  measured 
p r o b a b i l i t i e s  f o r  n$ , ng,  n^,  and n a r e  u s ed .  For  t h e  second  p a r t  t h e  
e x p e r i m e n t a l  n s d i s t r i b u t i o n  i s  not  u s ed ,  bu t  i s  r e p l a c e d  by a 
P o i s s o n l a n  m u l t i p l i c i t y  d i s t r i b u t i o n .  These d i s t r i b u t i o n s ,  which a r e  
t h e  h y p o t h e t i c a l  p a r e n t  p o p u l a t i o n s ,  a r e  used t o  we i gh t  t h e  random
1  1 8
number c h o i c e s  i n  each e v e n t  g e n e r a t e d .  S ince  ns , ng and n^ a r e  no t  a l l  
i n d e p e n d e n t ,  d i f f e r e n t  d i s t r i b u t i o n s  f o r  n$ & ng a r e  used  f o r  each 
c h o i c e  o f  n^ .  The s i m u l a t i o n  p r o ce ed s  as  f o l l o w s .  F i r s t ,  n^ 1s 
s e l e c t e d  a t  random.  Based upon n^ we chose  v a l u e s  randomly from t h e  
a p p r o p r i a t e  d i s t r i b u t i o n s  f o r  n^ ,  ng ,  and ns . Then,  i n d e p e n d e n t l y ,  ns 
v a l u e s  o f  n a r e  s e l e c t e d ,  we igh ted  by e i t h e r  t h e  e x p e r i m e n t a l  
m u l t i p l i c i t y  d i s t r i b u t i o n  or  a P o i s s on  d i s t r i b u t i o n  wi t h  t h e  same 
a v e r a g e  v a l u e .  In t h i s  way, one can match a l l  t h e  s i n g l e  p a r t i c l e  
c h a r a c t e r i s t i c s  of  t h e  a c t u a l  d a t a :
T a b l e  2 . 1 :  C h a r a c t e r i s t i c s  of  i n d i v i d u a l  p a r t i c l e  e m i s s i o n  Monte C a r l o
s i m u l a t i o n  ( ba sed  upon 1800 e v e n t s )  g e n e r a t e d  from t h e  e x p e r i m e n t a l  ns 
d i s t r i b u t i o n .
n = 19.85 ± 0 . 2 8  D = 12.15 t  0 . 2 0s
n = 2 .4 7  ± 0 . 0 8  D = 3 . 48  t  0 . 0 6
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n. = 4 .27  t  0 . 11  D = 4 .81  + 0 . 0 8b
MC2: Th i s  s i m u l a t i o n  p r o ce ed s  i n  t h e  same way as  MCI in c h o o s i n g  nh ,
ng ,  n^ and n5 from t h e  e x p e r i m e n t a l  d i s t r i b u t i o n s .  However one a l s o  
i n p u t s  ( b e s i d e s  t h e  random number s eeds )  two a d d i t i o n a l  p a r a m e t e r s :  (1)
t h e  a v e r a g e  number o f  p a r t i c l e s  pe r  c l u s t e r  de no ted  by nc and (2)  t h e  
w i d t h  o f  t h e  c l u s t e r  n d i s t r i b u t i o n s ,  a.  For  t h e  i n p u t  v a l u e  of  n c a 
P o i s s o n  d i s t r i b u t i o n  i s  g e n e r a t e d .  This  s e r v e s  as  t h e  p r o b a b i l i t y  of  
g e n e r a t i n g  a c l u s t e r  o f  nc p a r t i c l e s .  From t h i s  d i s t r i b u t i o n  nc i s
chosen  f o l l o w e d  by t h e  c l u s t e r  p s e u d o r a p d i t i y  c e n t e r  Hq [ f rom t h e  
e x p e r i m e n t a l  n d i s t r i b u t i o n ! .  We choose  nc v a l u e s  of  n f rom g a u s s i a n
1  1 M
d i s t r i b u t i o n  c e n t e r e d  a t  h q  wi th  width  6 . This  forms a c l u s t e r .  Thi s
p r o c e s s  i s  r e p e a t e d ,  c hoos i ng  nc , n0 , and ( i  = 1,    nc ) u n t i l  a l l
ns p a r t i c l e s  have been a s s i g n e d ,  which comp le t e s  t h e  e v e n t .  Thi s  method 
a l s o  r e p r o d u c e s  t h e  s i n g l e  p a r t i c l e  d i s t r i b u t i o n s .
Table  2 . 2  C h a r a c t e r i s t i c s  o f  a c l u s t e r  e mi s s i on  Monte C a r l o  S i m u l a t i o n ,  
( g e n e r a t e d  f rom 1800 e v e n t s ,  w i t h  n£= 3 . 5 . )
n = 20 .13  + 0 . 3 7  D = 11.84 ± 0 . 2 6
ng = 2 .53  ± 0 .11  D - 3 . 4 8 + 0 . 0 8
nb = 3 .98 ± 0 . 10  0 - 3.12 ± 0 .07
S i m i l a r  agreement  was o b t a i n e d  wi t h  o t h e r  c l u s t e r  s i 2 es  wi t h  up t o
8 p a r t i c l e s  p e r  c l u s t e r .  The main t e x t  shows t h e  r e s u l t s  o f  u s i n g  bo t h  
bo th  o f  t h e  Monte Ca r lo  g e n e r a t e d  d a t a  s e t s  to  c a l c u l a t e  t w o - p a r t i c l e  
c o r r e l a t i o n s .
NOTE: In a l l  t h e s e  s i m u l a t i o n s ,  random numbers a r e  found by use  o f  t h e
VAX 11/750 RAN u t i l i t y .  Thi s  f u n c t i o n ,  RAN, p ro d u c es  a s e t  of  p seu d o ­
random numbers based  upon an i n p u t  seed v a l ue  which must be a l a r g e ,  
n e g a t i v e  i n t e g e r .  Random numbers a r e  g e n e r a t e d  w i t h  equal  p r o b a b i l i t i e s  
on t h e  i n t e r v a l  10 , 1 1.
APPENDIX A
COMPUTER PROGRAMS
Here I p r o v i d e  a b r i e f  d e s c r i p t i o n  of  t h e  computer  programs which 
were used  i n  t h e  d a t a  a n a l y s i s  f o r  t h i s  e x pe r i m e n t .  The a n a l y s i s  
package  c o n s i s t s  of  7 p rograms ,  i n c l u d i n g  t h e  two Monte C a r l o  
s i m u l a t i o n s .  Each program i s  i ndependen t  of  t h e  o t h e r s  in t h e  s en s e  
t h a t  each  r e q u i r e s  f o r  i npu t  on ly  t he  d a t a  i t s e l f .  The programs  r e a d  
each  e v e n t  i n  s equence  and i n p u t ,  f o r  each t r a c k ,  i t s  s i g n a t u r e  and 
t r a j e c t o r y  a n g l e s ,  t h e t a  and p h i .  In a l l  t he  p r og r ams ,  t h e  o p t i o n  e x i s t  
t o  r e a d  in o n l y  e v e n t s  which meet  c e r t a i n  c r i t e r i a ,  e . g . ,  o n l y  e v e n t s  
w i t h  a s p e c i f i c  va lue  of  n^,  e t c .  Thi s  a l l ows  one t o  make d i f f e r e n t  
" c u t s "  on t h e  d a t a  s e t .  Wi th in  each program one a l s o  ha s ,  where 
a p p r o p r i a t e ,  t h e  o p t i o n  t o  work in e i t h e r  t h e  l a b o r a t o r y ,  t h e  c e n t e r  o f  
mass ,  o r  t h e  p r o j e c t i l e  r e f e r e n c e  f r ame.  Thi s  i s  one of  t h e  n i c e  
f e a t u r e s  o f  u s i ng  p s e u d o r a p i d i t y  f o r  a v a r i a b l e  t h e  a b i l i t y  t o  move from 
one r e f e r e n c e  f rame t o  a n o t h e r  by t h e  s imple  a d d i t i o n  or  s u b t r a c t i o n  o f  
some o f f s e t  v a l u e .  The two Monte Car lo  s i m u l a t i o n s  use  as  i n p u t  t h e  
s i n g l e  p a r t i c l e  d i s t r i b u t i o n s  which a r e  t a ke n  from t h e  o u t p u t  of  one o f  
t h e  o t h e r  p rogr ams .
One program (ANALYZEM) pe r f o r ms  t h e  c a l c u l a t i o n s  of  t h e  s i n g l e  
p a r t i c l e  d i s t r i b u t i o n s :  ns , ng,  n^ ,  nh , n p , n g , n , as  we l l  as  t h e  
a v e r a g e s  o f  np and ng f o r  " f u l l  h e m i s p h e re s " .  For t h e  n d i s t r i b u t i o n  
t h e  u s e r  can va ry  t h e  b in  s i z e .  The program looks  a t  each  n v a l u e ,  
" b i n s  i t " ,  and sums ove r  a l l  p a r t i c l e s .  For  t he  p a r t i c l e  d i s t r i b u t i o n s ,  
t h e  program c o un t s  t h e  number of  e v e n t s  wi th  n s t r a c k s ,  ng t r a c k s ,
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e t c .  To c a l c u l a t e  np and n0 (and t h e i r  a v e r a g e s )  we f i r s t  i n p u t  
*
t h e  n v a lue  t h a t  d i v i d e s  t h e  two he mi s ph er e s .  For np (n0 ) t h e  program 
s imp l y  c o un t s  t h e  number o f  p a r t i c l e s  in t h e  fo rward  (backward)  r e g i o n  
f o r  each e v e n t .  For np vs ng ( o r  ng vs np) t he  program f i r s t  c o u n t s  
f o r  each e v e n t  the  number of p a r t i c l e s  i n  t h e  fo rward  (backward)  
r e g i o n .  I t  t hen  goes  back and c a l c u l a t e s  t h e  ave r age  number of  
p a r t i c l e s  in t h e  backward ( f orwar d)  r e g i o n  f o r  a l l  e v e n t s  w i t h  t he  same 
number of  p a r t i c l e s  in t he  fo rward  (backward)  r e g i o n .  From t h i s  we can 
c a l c u l a t e  t h e  long range  c o r r e l a t i o n  s l o p e  f o r  t he  f u l l  h e mi s p h e r e s .
A second program (WINODW) c a l c u l a t e s  np vs ng ( o r  ng vs np ) as
d e s c r i b e d  above,  e x c e p t  in t h i s  c a s e  t h e  l i m i t s  of  fo rward  and backward 
r e g i o n s  must be s p e c i f i e d ,  i . e .  you can t a k e  "windows" in  n o f  any 
w i d t h  you wi sh .  From t h i s  we d e t e r m i n e  t h e  long r ange  c o r r e l a t i o n  s l o p e  
v e r s u s  s e p a r a t i o n  of  p s e u d o r a p i d i t y  windows in t h e  two h e m i s ph e r e s .
A program e x i s t s  t o  c a l c u l a t e  t he  t w o - p a r t i c l e  c o r r e l a t i o n  f u n c t i o n  
(CORREY):
Np N . ( n , , n p )
R2 ( n i . np ) = N i ( n ")  N j ( n 2 ) '  1 * ° '
F i r s t ,  N j ( n j )  i s  c a l c u l a t e d  as t h e  number o f  shower p a r t i c l e s  a t  in 
each  e v e n t ,  sumned o ve r  a l l  e v e n t s .  In t he  next  s t e p ,  N ^ n j . n . , )  i s  
c a l c u l a t e d  as  t h e  number o f  p a i r s  of  p a r t i c l e s ,  one a t  and t h e  o t h e r  
a t  n2 * in  t h e  same e v e n t ,  summed ove r  a l l  e v e n t s .  The t o t a l  number of
e v e n t s  in  t h e  d a t a  s e t  i s  Np. C a l c u l a t i o n  o f  R2 t h e n  p r o ce ed s  i n  an
o b v i o u s  f a s h i o n .
In a n o t h e r  program (RAPGAP) t h e  p s e u d o r a p i d i t y  gap d i s t r i b u t i o n s  
a r e  c a l c u l a t e d .  F i r s t ,  t he  v a l ue  of  k ,  t h e  number o f  p a r t i c l e s  in t he
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ga p ,  I s  I n p u t .  The program c a l c u l a t e s  t h e  d i s t r i b u t i o n  of  t h e  
s e p a r a t i o n  i n  n between t h e  1*^ and the  ( l + k+ l ) * ^  p a r t i c l e .  Note t h a t  
a l l  t h e  i n p u t  d a t a  1s s o r t e d  by I n c r e as i n g  v a l u e s  o f  a ng l e  t h e t a  t o  
b e g i n  wi t h  (which c o r r e sponds  t o  d e c r e a s i n g  va lu e s  o f  n ) .  The o u t p u t  
d i s t r i b u t i o n  i s  norma l i zed  by t h e  t o t a l  number o f  gaps  In a l l  e v e n t s ,
Ngap = V n - k '  U -
The f i f t h  a n a l y s i s  program (DELPHIC) i s  used t o  c a l c u l a t e  t h e
d i s t r i b u t i o n  o f  t h e  number of  p a i r s  o f  p a r t i c l e s  In t e rms  o f  t h e i r
s e p a r a t i o n  i n  a ng l e  ♦- At t he  beg inn ing  of  t h e  program,  t h e  u s e r  must
s e t  t h e  d e f i n i t i o n  o f  p a i r ,  i . e .  t h e  a l l ow ab l e  s e p a r a t i o n  o f  two
p a r t i c l e s  in n.  The o u t p u t  1s a d i s t r i b u t i o n  of  number of  p a i r s  vs  a*.
Thi s  d i s t r i b u t i o n  i s  not  no rma l i zed .
MONTE CARLO PROGRAMS:
These Monte Car lo  s i m u l a t i o n  programs a r e  d e s c r i b e d  1n Appendix
3. They t a k e  as  t h e  Input  s i n g l e  p a r t i c l e  d i s t r i b u t i o n s  c a l c u l a t e d  from 
t h e  d a t a  and o u t p u t  N random e v e n t s .  The number o f  e v e n t s  t o  s i m u l a t e ,  
N, i s  i n p u t  a t  t h e  b eg i nn in g .  T y p i c a l l y ,  I chose  N between 1500 and 
3000.  Along w i t h  t h e  Inpu t  d i s t r i b u t i o n s  one must  i n p u t  a random number 
seed  f o r  each  v a r i a b l e  t h a t  must be p icked a t  random. The RAN f u n c t i o n  
used on t he  VAX on l y  r e q u i r e s  t h e s e  seeds  t o  be l a r g e ,  n e g a t i v e  
i n t e g e r s .  The " d a t a "  from t h e s e  s i m u l a t i o n s  i s  t h e n  put  t h r ough  
programs 1 th ro ug h  5 ,  d e s c r i b e d  above,  and t he  r e s u l t s  can be compared 
t o  t h e  r e s u l t s  d e r i v e d  from the  t r u e  d a t a .
Al l  of  t h e  programs used he re  may be of  use  1n o t h e r  s t u d i e s  of  
h a d r o n - h a d r o n ,  h a d r o n - n u c l e u s ,  o r  even n u c l e u s - n u c l e u s  I n t e r a c t i o n s .
Anyone I n t e r e s t e d  in o b t a i n i n g  t h i s  computer  code may c o n t a c t
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